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ABSTRACT 
The ability of adenoviruses to transform primary cells in culture results from a 
culmination of many complex interactions between the cell and the regulatory regions 
of the virus to create an intracellular environment conducive for deregulation of cell 
growth, leading to immortality and transformation. Central to the process of 
transformation are the polypeptides transcribed from the E lA region of adenovirus. 
Alone, the products from the ElA region induce immortalization of semipermissive 
cells. In the presence of ElB, or a second oncogene, ElA products establish fully 
transformed cells. The functions of the E lA products include transactivating other viral 
genes, binding cell-cycle regulatory elements to induce the cell into S phase, and 
increasing the level of DNA synthesising machinery, by transactivating the expression 
of some genes, and repressing the expression of others. The full scope of cellular 
responses to ElA products has not been elucidated. 
To identify genes, whose expression is induced by ElA products during the early 
stages of infection, and may be crucial in the establishment of a transf armed 
phenotype, a subtracted cDNA library, enriched for ElA-induced sequences, was 
differentially screened. cDNA clones that reflected cellular sequences induced in WT 
infected cells and not in dl 312 (ElA negative) infected cells, were characterised by 
Northern analysis and sequencing, and were found not to play critical roles in 
transformation progression. A number of sequences, induced by WT infection, proved 
to be homologous to AA V sequences, indicating AA V contamination within adenovirus 
stocks. A repetitive sequence, related to the B2 family of repetitive sequences was also 
identified as an ElA-induced cellular sequence, providing direct evidence that 
adenovirus infection stimulates the transcription of an endogenous gene transcribed by 
RNA polymerase III. 
Adenovirus infection was shown to increase expression of a polyubiquitin gene, Ub B. 
This could result in increased ubiquitin levels, leading to increased activity of an ATP 
dependent protein-degradation pathway, which could rapidly degrade foreign virion 
components, resulting in an inhibition of the lyric cycle. This mechanism could aid the 
establishment of a transformed state, although increased protein degradation by the 
ATP dependent pathway during adenovirus infection has yet to be confirmed. 
V 
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Chapter 1 
Adenovirus Review 
1.1. Adenoviruses 
Adenoviruses were initially isolated from the lymphadenoid tissue of young 
children in 1953 by Rowe and his colleagues (Rowe et al. 1953) and independently 
isolated from military recruits suffering from acute respiratory illness by Hilleman 
and Werner in 1954 (Hilleman and Werner 1954). Over the next eight years many 
closely related viruses were isolated from other animal species including mice 
(Hartley and Rowe 1960), dogs (Kapsenberg 1959) and monkeys (Hull et al. 
1958), leading to characterisation of the adenovirus group into 6 subgroups, based 
on natural host species (human, simian, bovine, canine, murine and avian) (Pereira 
et al. 1963). This thesis is entirely concerned with the human adenoviruses. 
Adenoviruses are widespread amongst human populations. 41 different species 
have been recognised, assocaiated with a variety of diseases, ranging from acute 
respiratory illnesses to conjunctivitis and arthritis (Beladi 1972, Hilleman and 
Werner 1954, Rowe et al. 1956, Kibrick et al. 1957). Adenoviruses becamt; 
scientifically attractive to laboratory investigators when Trentin and his colleagues 
(1962) found that adenovirus type 12 induced malignant tumours in hamsters when 
inoculated as newborns. This observation was extended to a number of other 
serotypes (Huebner et al. 1962, Huebner et al. 1965, Trentin et al. 1968) and to 
simian, canine and avian adenoviruses (Hull et al. 1965, Sarma et al. 1967, Sarma 
et al. 1965). The 41 different species of human adenovirus were subdivided into 5 
groups, based on their oncogenicity and DNA homology as shown in table 1. 
Human adenoviruses became the focus of intensive research and were initially 
established as a model for the study of the mechanism of transformation and later, 
as a model to study eukaryotic gene expression. 
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Table 1.1 Characteristics of Human Adenoviruses a 
Subgenus Species Oncogenicityb DNA homologyc 
A 12,18,31 high 48-69% 
B 3,7,11,14,16 weak 89-94% 
, 21,34,35 
C 1,2,5,6, none 99-100% 
D 8-10,13,15, none 94-99% 
17,19,20,22-
30,32,33,36 
E 4 
I 
none NRd 
pe 40,41 NR 62-69% 
a Modified from Green et al (1979), Gallimore et al (1985) 
b Viruses and DNA of all species can transfonn rodent cells 
c DNA homology within subgenus 
d Not reported 
e Data from van Loon et al (1985) 
fNot done 
DNAGC(%) Clincal manifestations 
47-49 Enteric infections 
49-52 Respiratory infections, 
urinary infections 
57-59 Respiratory infections 
57-59 Epidemic 
keratocon j uncti vi tis 
57-59 conjunctivitis, 
respiratory infections 
NDf acute gastroenteritis 
1.2. The Adenovirus genome 
While most genetic analysis has centered on the subgroup C viruses, in particular 
adenovirus types 2 and 5, the genomic organisation of the other serotypes appears 
to be similar. The adenovirus genome is a linear double stranded DNA molecule of 
molecular weight 20-25xlo6 daltons (Green et al. 1967). The DNA comprises of 
approximately 34-36kb (van Onnondt and Galibert 1984). There are inverted 
repeat sequences at the termini of the DNA, ranging in size from 100-160bp, 
depending on serotype (Garon et al. 1972, Arrand and Roberts 1979, Garon et al. 
1982), and a protein of 55K molecular weight is covalently attached to the 5' end of 
both strands (Robinson et al. 1973, Rekosh et al. 1977). 
The adenovirus genome is transcribed in both the rightward (from the r-strand) 
and leftward (from the I-strand) direction, as illustrated in the transcription map of 
adenovirus type 2 (figure 1.1 ). During productive infection adenovirus genes are 
transcribed in a complex order, and have been subdivided into 3 major groups. 
Early genes (transcribed in the order ElA, E4, E3, ElB and E2) are expressed 
before the onset of DNA replication. Intermediate genes (IX and IV a2) are 
expressed at low levels early in infection, increasing throughout infection even in 
the absence of DNA synthesis. Late genes are transcribed from the major late 
promoter (MLP) after the onset of adenovirus DNA replication. 
1.3. Early gene expression 
1.3.l. The EJA region 
Transcription from the El region is detected first soon after infection (Nevins et al. 
1979, Spector et al. 1978). The El region (1.3-11.2 mu) encompasses two genes -
ElA and ElB, each encoding multiple mRNA species, which will be referred to by 
their sedimentation coefficients. The ElA gene is transcribed from the r-strand 
between 1.3 and 4.6 mu, producing 3 major mRNAs, a 13S (1.1kb), 12S (0.9kb) 
and 9S (0.6kb) mRNA. The 9S mRNA is transcribed late in infection (Berk and 
Sharp 1977, Spector et al. 1978, Kitchingman and Westphal 1980). Two species 
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Figure 1.1 Transcriptional organization of the Ad 2 genome. The direction of transcription is indicated by arrows . 
Bold lines indicate transcripts detected early in infection, before DNA replication. Fine lines represent transcripts detected 
early and late in infection. The bold dashed lines represent transcripts detected late in infection. Adapted from Shenk and 
Williams 1984. 
of mRNA, lOS and 1 lS mRNA are also detected, concomitant with 9S expression 
(Svensson et al. 1983, Stephens and Harlow 1987, Ulfendahl et al. 1987). 
The mRNA species result from differential splicing of a common RNA precursor. 
They share the same 5' and 3' termini but differ in the extent of internal splicing. 
The 13S and 12S RNAs encode proteins of 289 (52kDa, 48.5kDa) and 243 
(50kDa, 45kDa) amino acids (aa) respectively (Tremblay et al. 1989). 
Phosphorylation is largely responsible for the generation of the multiple E lA 
polypeptide species (Tremblay et al. 1989). The reading frames between the 
mRNAs are the same, so the encoded proteins share N-terminal and C-tenninal 
amino acid sequences, and differ only in an internal region of 46 amino acids, 
unique to the 289 aa protein (Perricaudet et al. 1979). The 46 aa domain contains a 
consensus zinc finger motif, believed to be required for the correct functioning of 
the 289 aa polypeptide (Culp et al. 1988). Both polypeptides are post 
translationally modified by phosphorylation and acylation, resulting in 
approximately 60 ElA polypeptide species (Tsukamoto et al. 1986, Yee et al. 
1983, Harlow et al. 1985). Some of these species may be intermediates in the post 
translational modification pathway. The 1 lS and lOS mRNA encode proteins of 
217 aa (37 .5kDa) and 17 laa (35kDa), which are similar to the 289aa and 243aa 
respectively, but lack amino acids 27-98 (Stephens and Harlow 1987, Ulfendahl et 
al. 1987). The 9S mRNA theoretically encodes a 55 aa polypeptide (as yet 
undetected) which shares the same amino terminal as the 289 and 243 aa proteins, 
but completely differs in sequence after the first 13 aa due to a frameshift after 
splicing (Virtanen and Pettersson 1983). 
1.3.1.i. EJA functions 
ElA polypeptides are the first to be expressed after infection and these transactivate 
the expression of the other early viral genes (Berk et al. 1979, Jones and Shenk 
1979a) and a class of cellular genes (discussed in section 1.8.). ElA products are 
central to the process of oncogenic transformation by adenoviruses. In 
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collaboration with ElB or other viral oncogenes (discussed in section 1.6.) ElA 
products will transform rodent cells. In the absence of a second oncogene, .ElA 
products are capable of immortalizing primary cells (Houweling et al. 1980, Ruley 
1983). In addition to positive regulatory effects ElA proteins can repress 
transcription from certain viral and cellular enhancers. E lA proteins are found in 
the nucleus. The carboxy terminal sequence is necessary for localization (Lyons et 
al. 1987, Slavicek et al. 1989). A minority of the 289aa protein is associated with 
the nuclear matrix (Schmitt et al. 1987, Yee et al. 1983). 
After comparison of the amino acid sequence of four different adenovirus 
serotypes, Ad4, Ad7, Ad2 and Ad12, three conserved regions within the ElA 
proteins were described by Tokunaga and his colleagues (1986). Conserved 
domain 1 (CD1) spanned from 41 to 63 aa, conserved domain 2 (CD2) ranged 
from 120-138 aa and conserved region 3 (CD3) was between 155 and 177 aa. 
CD 1 and CD2 are contained within both the 243aa and 289 aa proteins, while CD3 
is restricted to the unique region within the 289 aa protein. Moran and Mathews 
(1987) postulated that more broadly defined conserved regions (CDI 40-80 aa, 
CD2 120-139 aa, CD3 139-186 aa) were each responsible for different functions of 
the ElA proteins. It has been suggested that CDl and CD2 are essential for 
transcriptional repression and transformation and CD3 is necessary for transcription 
activation. A wealth of evidence has been gathered to support these hypotheses, 
although evidence will be presented that suggests the ElA proteins are far more 
complex than originally imagined. 
1.3.1.i.a EJA mediated transcriptional repression 
In transient expression -assays both ElA proteins were found to repress 
transcription from the SV40 early promoter (Velcich and Ziff 1985). The promoter 
regions of the muscle-specific a-skeletal and a-cardiac actin genes are also the site 
of ElA inhibition (Webster et al. 1988). Borrelli and his colleagues (1984) found 
that E lA products repress the enhancer activity of SV 40, polyoma and E lA. 
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During infection of plasmocytoma cells, the E IA proteins repressed the enhancer of 
the immunoglobulin heavy chain (Hen et al. 1985). The ElA proteins inhibit 
enhancer-stimulated transcription of the rat insulin II gene. The same regions of the 
\regulated 
insulin enhancer are negativelyvby cellular transcription factors (Stein and Ziff 
1987, Stein and Whelan 1989). Repression of cytochrome P-450c gene 
expression, caused by blocking the enhancer element, has also been observed after 
cotransfection with ElA DNA in transient expression systems (Sogawa et al. 
1989). Much interest has focused on the dissection of different functions 
(transformation, enhancer-mediated repression and transactivation) to different 
domains of the E lA proteins. 
1.3.1.i.b EJA-mediated transactivation and transformation 
The isolation of cDNA viruses, where the ElA region has been replaced by cDNA 
coding for the specific ElA proteins, has been particularly invaluable for functional 
analysis. Moran and her colleagues (1986a) constructed viruses containing 13S 
cDNA (13S virus), the 12S cDNA (12S virus) and the 9S cDNA (9S virus) in the 
place of the E lA region. It was demonstrated that the 13S virus grew as well as 
WT on Hela cells, while the 12S virus grew less well. The 9S virus was very 
defective for growth. The ability to transactivate expression of the E2 promoter 
was analysed by Northern and Western analysis, while E3 activation was 
monitored by a transient expression assay. The 12S and 9S viruses had lost the 
ability to transactivate the E2 and the E3 promoter (although the results show a 3 
fold increase of expression from the E3 promoter by 9S). Although the 12S virus 
was defective for lytic growth, it immortalised baby rat kidney (BRK) cells at high 
efficiency. It was demonstrated that the 13S product could also immortalise BRK 
cells when transfected. The conclusion drawn from these experiments was that the 
13S was necessary for transactivation and the transforming function was shared 
between the 13S and 12S products. Infection of BRK cells with the 12S virus 
resulted in the production of a growth factor which induced DNA synthesis and 
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proliferation of quiescent primary epithelial cells (Quinlan et al. 1987), suggesting 
that the 12S product could induce DNA synthesis. 
The product of the 13S mRNA was also responsible for stimulating cjos and c-
myc promoter activities during a cotransfection assay in murine NIH 3T3 
fibroblasts, while c-Ha-ras transcription was not affected (Sassone-Corsi and 
Borrelli 1987). The 12S mRNA product was found to have no effect (Sassone-
Corsi and Borrelli 1987). In contrast, ElA products were found to be responsible 
for the reduction of c-myc in El-transformed cell lines (Timmers et al. 1988). 
The assignment of specific functions to defined conserved domains was similarly 
justified by the evidence obtained through analysis of the effects of mutations of 
ElA cDNA within plasmids in transfection assays by Montell et al. (1982), Lillie et 
al. (1986), Smith et al. (1986), Moran et al. (1986b), Kuppuswamy and 
Chinnadurai (1983), Lillie et al. (1987), Green et al. (1988) and Lillie and Green 
(1989). The relevance of the 3 functional domains within a biological system was 
rec.ognised by evidence gathered from studies of viruses mutated within the 
conserved regions (Hurwitz and Chinnadurai 1985, Zerler et al. 1987, Whyte et al. 
1988, Moran and Zerler 1988, Smith and Ziff 1988). 
In recent years a significant body of evidence has accumulated that questions the 
emphasis placed on the existence of distinct domains of function within E lA. 
Winberg and Shenk (1984) constructed dl 347 and dl 348, containing a copy of 
12S cDNA and 13S cDNA respectively, and found that both viruses grew 
efficiently, although not as efficiently as WT, in Hela cells. Both viruses were able 
to transactivate expression from the E2 and E4 promoters, although dl 348 was 
more efficient. The growth kinetics of dl 347 and the transactivation results implied 
that CD3 was not essential for transactivation. 
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Other evidence supporting the hypothesis that both E lA proteins are important in 
E lA associated functions include the observation that both proteins were required 
to cooperate with ElB to produce a transformed phenotype (Montell et al. 1984). 
Studies with plasmids containing mutated ElA genes showed that both 12S and 
13S products could stimulate the rate of transcription from E2A and E3 promoters 
(Leff et al. 1984). Experiments involving microinjection of ElA protein products 
into Xenopus oocytes indicated that CD 1 was sufficient for transactivation of the 
E3 promoter (Richter et al. 1985). Nakajima and his colleagues (1987) 
demonstrated that, when stably integrated into cell lines, the 13S and 12S products 
were each able to cause progression of the cell cycle at a similar rate. After 
intensive mutation analysis, Jelsma and his colleagues ( 1988, 1989) and 
F~nestock and Lewis ( 1989) concluded that the E IA proteins contained different 
transactivation domains for different target genes, and sequences outside of the 
conserved domains influenced the outcome of transactivation, transformation and 
enhancer induced repression. Bellett et al. (1989) found that mutations within the 
E IA region affected all functions of E IA to different extents in biological assays of 
cell cycle progression, disruption of actin stress fibers and activation of viral gene 
expression. 
The controversy about the location of functions within E IA proteins, as reviewed 
above, may be the result of the different target promoters in different assays. 
Perhaps the induction of different target promoters require different regions of the 
ElA proteins interacting with a broad range of transcription factors. ElA proteins 
do not transactivate transcription by binding to specific DNA sequences (Ferguson 
et al. 1985, Chatterjee et al. 1988) A number of investigators have suggested that 
ElA increases the activity of host cell transcription factors (Leong and Berk 1986, 
Kovesdi et al. 1986, Reichel et al. 1988). ElA products were found to enhance the 
transcription activity of RNA polymerase III, by increasing the concentration and 
phosphorylation of transcription factor IIIC (TFIIIC) (Yoshinaga et al. 1986, 
Hoefler et al. 1988). 
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The increase of expression of RNA polymerase II-transcribed genes by ElA is 
mediated by the activation or increase in concentration of a number of transcription 
factors, including activation transcription factor (A TF) and E2 promoter-binding 
factor (E2F) (Kovesdi et al. 1986, Lee et al. 1987, Kovesdi et al. 1987, Reichel et 
al. 1988). The A TF is identical to the transcriptional factor cAMP responsive 
element binding protein (CREB), which binds to a consensus sequence (CRE 
sequence), required for induction by cyclic AMP in several cellular promoters 
(Roesler et al. 1988). There are CRE sequences within all of the early gene 5'-
flanking domains, including ElA. It is believed that ElA may interact with targets 
of the cAMP-signalling pathway to activate transcription of the other early genes 
(Sassone-Corsi 1988, Lin and Green 1988, Engel et al. 1988). Wu and her 
colleagues (1987) found that ElA transactivation of ElB is due to ElA 
modification of the cellular transcription factor TFIID (TATA-binding protein). By 
synthesising different transcription factor binding sites, to replace the ElB 
promoter in recombinant viruses, Pei and Berk (1989) demonstrated that the .ElB 
TATA box, a CREB/ATF binding site and two E2F sites can mediate ElA 
transactivation. Thus ElA products stimulate transcription through multiple, 
distinct promoter elements. 
1.3.1.ii. Transactivation of DNA binding proteins by EIA 
As mentioned above, E lA products transactivate the expression of c-fos and c-myc 
protooncogenes during transfection studies (Sassone-Corsi and Borrelli 1987). An 
upstream element found at position -57 to -63 in the human, mouse and chicken c-
f os genes resembles the consensus sequences of the CREB/A TF binding site 
(Montminy et al. 1986, Verma and Sassone-Corsi 1987). An upstream element 
between positions -95 to +47 in respect to the second promoter of the human myc 
gene is the target for adenovirus activation (Lipp et al. 1989). 
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Both fos and myc are nuclear proteins that participate in transcriptional regulation, 
and are induced in a variety of resting cells after stimulation with serum or growth 
factors (Setoyama et al. 1986, Muller et al. 1984, Kelly et al. 1983, Greenberg and 
Ziff 1984, Cochran et al. 1984, McNerney et al. 1987, Kruijer et al. 1984, Muller 
et al. 1985). Fos and myc have recently been recognised as DNA binding proteins 
which contain a-helical structures, known as leucine zippers (Landschulz et al. 
1988). A leucine zipper is comprised of a sequence of 35 amino acids containing 
4-5 leucine residues separated from each other by 6 amino acids, preceded by a 
region of positively charged amino acids. The periodicity arranges the leucine 
residues to one side of the amphipathic a helix. Leucines on two such helices 
would interdigitate, resulting in dimerization (Landschulz et .al. 1988). The 
dimerization would allow the regions of positively charged amino acids to assume a 
configuration that would specifically interact to a DNA recognition sequence. The 
fos protein alone does not dimerize, although it has DNA binding activity 
(Sambucetti and Curran 1986, Distal et al. 1987, Renz et al. 1987, Abate et al. 
1990). Fos can form heterodimers with another transcription factor, jun 
(Kouzarides and Ziff 1988, Schuermann et al. 1989). The heterodimer shows 
increased affinity for the consensus binding site, AP-1, and increased transcription 
activation (N akabeppu et al. 1988, Sassoni-Corsi et al. 1988, Chui et al. 1988). 
Dimerisation could stabilise a three dimensional protein structure, keeping the 
contact points for DNA binding in the correct orientation. As there are several 
different jun and fos-related proteins that complex in heterodimers, and recognise 
different DNA binding sites, there may be a diverse repertoire of cellular genes 
activated by these nuclear proteins, potentially inducible by ElA. 
The presence of E lA is also essential for adeno-associated virus (AA V) replication. 
AA V is a defective parvovirus which requires the presence of a helper virus 
(usually adenovirus) for productive infection (Janik et al. 1981,Laughlin et al. 
1982). 
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1.3.2. The El B region 
The ElB region (4.6-11.2 mu) is transcribed soon after ElA, E4 and E3 
expression. The primary transcription product is spliced to 2 major mRNAs, 13S 
and 22S, and 2 minor species of 14S and 14.5S (Peiricaudet et al. 1980, Virtanen 
and Pettersson 1985). In addition, an unspliced 9S mRNA encoding for the virion 
polypeptide IX, is transcribed from a separate promoter at intermediate and late 
times after infection (Alestrom et al. 1980). Each ElB mRNA contains 2 open 
reading frames (ORFs). The first open reading frame is contained within the first 
exon of the 13S, 14S, 14.5S and 22S mRNAs, resulting in a 175 aa (19k.Da) 
polypeptide (Bos et al. 1981). The second ORF in the 22S RNA codes for a 
polypeptide of 495 aa (55kDa) (Ross et al. 1980). In the 13S, 14S and 14.5S 
mRNAs, the second ORF encodes polypeptides of 82 aa, 155 aa and 92 aa, 
respectively, which are translated in an altered frame due to differential splicing 
(Anderson et al. 1984). 
1.3.2.i. EJB protein functions 
Although ElA gene products play a predominant role in transformation as 
described above, induction of a full transformed phenotype and correct regulation 
of gene expression requires the expression of the E lB gene (Chinnadurai 1983, 
Barker and Berk 1987). ElB products have been shown to increase the rate of 
transcription-initiation of the ElA region in transformed primary cells (Jochemsen 
et al. 1987). The exact mechanisms of function of the two major ElB proteins has 
not been elucidated, however mutation analysis has allowed assignment of various 
activities to each protein. In some adenovirus-transformed cells, the 495aa protein 
is complexed with the cellular proto-oncogene p53, which was shown to localize to 
a filamentous body in the cytoplasm, thus sequestering p53 fron1 the nucleus, and 
possibly through p53 inactivation, predisposing the cells to transformation (Sarnow 
et al. 1982, Zantema et al. 1985). Other investigators have shown that in most Ad2 
and Ad5 transformed rodent cell lines the 495aa protein also complexed with p53 in 
discrete areas in the nucleus (Blair-Zajdel and Blair 1988). In productively infected 
10 
HeLa cells, which do not express the p53 protein, the 495aa protein is physically 
associated with an E4 34 kDa protein (Sarnow et al. 1984). In infected rodent 
cells, association of ElB with p53 occurs in the presence or absence of E4 
(Braithwaite et al. 1990 submitted). In the absence of the 495aa ElB prcxiuc4 viral 
growth was slightly defective and transformation of rat cells was inhibited. The 
495aa product was necessary for optimum transport and accumulation of viral late 
mRNAs and reduction of host cellular mRNA (Pilder et al. 1986) The 495aa 
product also facilitates the rescue of AA V from a latent state and the cytoplasmic 
accumulation of AA V mRNA in the cytoplasm (Samulski and Shenk 1988). 
In the absence of the 175aa protein, host cell and viral DNA are extensively 
degraded late in infection, the onset of cytopathic effect is dramatically accelerated 
and the viruses are severely defective for transformation (Pilder et al. 1984, White 
et al. 1988). The correct localisation of the 175 aa protein to the nuclear envelope 
prevented the degradation of host DNA, suggesting that the E lB protein was a 
deterrent to the possible entry of cytoplasmic nucleases into the infected cell nucleus 
(White et al. 1984). Evidence suggests that the 175 aa protein is a negative 
regulator of ElA-dependant viral early gene transcription. In the presence of ElA, 
the 175aa product repressed ElA-dependent gene expression, in the absence of 
ElA, the ElB product was shown to increase viral gene expression and DNA 
synthesis (White et al. 1988). During transient expression assays, the 17 5 aa 
product physically interacted with, and disrupted, the organisation of intermediate 
filaments and the nuclear lamina, without affecting the other cytoskeletal networks 
(White and Cipriani 1989). The disruption of the intermediate filaments does not 
result in gross alterations in cell morphology, however by modifying cell 
morphology the occurrence of a cytopathic phenotype may be prevented. The 
nuclear lamina is essential for the maintenance of nuclear chromatin structure. By 
altering this structure the 175 aa protein could alter gene expression, or growth 
regulation, and may prevent DNA degradation, thus promoting transformation. 
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1.3.3. The £2 region 
E2A (61.7-75 mu) and E2B (11.3-30.0 mu) are the two genes transcribed from the 
I-strand within the E2 transcription unit (Gales et al. 1979). Early in infection 
transcription initiates from a promoter at 72.5 mu, and transcription initiates at a 
different promoter (at 72mu) during late infection (Chow et al. 1979). Multiple 
mRNA species are generated from differential splicing of a primary transcript (Berk 
and Sharp 1977, Chow et al. 1979, Kitchingman et al. 1977). The E2 region 
encodes three proteins which are essential for adenovirus replication. The E2B unit 
codes for an 87kDa protein that is the precursor of the 55.kDa terminal protein 
covalently bound to the 5'ends of adenovirus DNA. The 87.kDa protein acts as a 
primer for DNA synthesis (Stillman et al. 1981). E2B also encodes a 140kDa 
DNA polymerase which is required for chain elongation during DNA synthesis at 
the origin of replication (Lichy et al. 1982). The E2A region encodes a single 
stranded DNA binding protein (DBP), which is synthesised both early and late 
during infection (Linne et al., 1977). 
1.3.3.i. E2 functions 
The 72kDa (529 aa) DBP is critical for DNA replication. It is required for 
initiation and strand elongation during viral DNA synthesis (van der Vliet and 
Sussenbach 1975, Friefeld et al. 1983). Many other functions have been assigned 
to the DBP. DBP regulates the expression of viral late gene expression. Wild type 
(WT) adenovirus does not productively infect monkey cells due to reductions in the 
transcription rate of late genes, alterations in mRNA splicing patterns and poor 
utilization of the mRNA in vivo (Johnston et al. 1985, Anderson and Klessig 1984, 
Anderson and Klessig 1983). Mutant viruses which contain alterations in the DBP 
can overcome these block and productively replicate in monkey cells (Klessig and 
Grodzicker 1979). 
The DBP was also believed to regulate the expression of itself and the other viral 
early genes. Carter and Blanton (1978) compared the relative abundance of early 
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viral RNAs between the WT virus and a temperature sensitive mutant virus, 
defective in the DBP at restrictive temperatures (Ad5ts125). They noted a 3-7 fold 
accumulation of early RNA, at restrictive temperatures during mutant infection, 
suggestive of negative regulation mediated by the DBP. The negative regulation 
was thought to occur post transcriptionally, at cytoplasmic RNA stability, for ElA 
and ElB (Babich and Nevins 1981), and affect the rate of transcription of E4 
(Nevins and Jensen-Winkler 1980). 
More evidence of eukaryotic translational control by DBP was presented by Jay and 
his colleagues (1981), who investigated the effect of coinfection with the DBP-
defective mutant virus on the expression of structural proteins of adeno-associated 
virus (AA V). Accumulation of AA V capsid protein decreased significantly, on 
coinfection with Ad5ts125, although mRNA did not decrease and could be 
translated in vitro. It was concluded that control of translation of AA V structural 
proteins was influenced by the DBP. 
The isolation of mutants with deletions in the DBP by Rice and K.lessig (1985) 
made study of infection without the presence of DBP possible. Through the study 
of deletion mutants, no evidence was found of any negative or positive role of DBP 
in the regulation of the other adenovirus early genes (Klessig et al. 1986). DBP 
was shown to be associated with RNA in vivo and in vitro, implying involvement 
in viral RNA transcription and processing (Klessig and Grodzicker 1979, Cleghon 
and Klessig 1986, K.lessig et al. 1986). 
Both E2A and E2B contribute, perhaps indirectly, to the events leading to 
transformation by adenoviruses. Alterations in the E2A DBP enhanced 
transformation frequencies, due most likely to an activity possessed by the altered 
DBP, as viruses with total deletions of DBP transformed rat cells at frequencies 
similar to wild-type (Logan et al. 1981, Rice et al. 1987). Viruses containing 
mutations that map to E2B, particularly to the DNA polymerase, are defective for 
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DNA replication in human cells and transformation of rat cells (Miller and Williams 
1987). 
1.3.4. The E3 region 
The E3 transcription unit (76.6-86 mu on the r-strand) produces approximately 16 
mRNAs through differential splicing, which contain nine different open reading 
frames (Cladaras and Wold 1985, Cladaras et al. 1985, Brady and Wold 1988). 
E3 has been shown to be dispensable for the growth of virus in tissue culture 
(Kelly and Lewis 1973), and is thought to be involved in the protection of 
adenovirus from host defense mechanisms during natural infection. Seven 
polypeptides have been isolated, including a 19kDa glycoprotein (gp 19kDa), the 
11.6kDa, 10.4kDa and 14.7kDa proteins (Persson et al. 1980, Wold et al. 1985, 
Wold et al. 1984, Tollefson and Wold 1988). 
1.3.4.i. E3 functions 
The gp 19kDa, a transmembrane protein, binds to certain class 1 maJor 
histocompatibility complex (MHC) antigens in the endoplasmic reticulum and 
prevents their transport to the cell surf ace, thus diminishing class 1 MHC 
expression on the cell surface (Andersson et al. 1985, Burgert and Kvist 1985, 
Paaboet al. 1987, Paabo et al. 1986). The 14.7 kDa protein inhibits cytolysis of 
infected cells in culture by tumor necrosis factor (Gooding et al. 1988, \Vang et al. 
1988). The 10.4KDa protein, a plasma-membrane associated protein, induces the 
endosome-specific internalisation of cell surface-associated epidermal growth factor 
receptor (EGF-R) and its subsequent degradation in lysosomes (Carlin et al. 1989, 
Tollefson et al. 1990). The function of the 11.6kDa is still uncertain. 
1.3.5. The E4 region 
The E4 region lies between 91.3 and 99.0 and is transcribed from the I-strand. 
DNA sequence and mRNA analysis have identified 7 open reading frames within 
12-24 unique mRNAs, with the potential to express at least seven distinct protein 
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products (Virtanen et al. 1984, Fryer et al. 1984, Tigges and Raskas 1984). By in 
vitro translation of the mRNA of E4 and tryptic peptide map analysis, Matsuo and 
his colleagues (1982) identified polypeptides of 35.kDa, 23kDa, 22.kDa, 21kDa, 
18kDa and 1 llilla, although others have identified 16 polypeptides through similar 
techniques (Tigges and Raskas 1982). Three E4 proteins have been identified 
immunologically. A 34kDa protein from ORF 6 has been shown to be physically 
associated with the ElB-encoded 55kDa protein and thought to be involved with 
the transport of viral late mRNA from the nucleus to the cytoplasm (Sarnow et al. 
1984, Cutt et al. 1987, Pilder et al. 1986). An 1 lkDa protein from ORF 3 is found 
associated with the nuclear matrix (Sarnow et al. 1982). A 19 kDa polypeptide was 
identified that maps to ORF 6n (Cutt et al. 1987). Through the construction and 
analysis of mutants which have deletions in specific ORFs it has been possible to 
assign roles to specific ORF products. The polypeptides from ORF 3 and ORF 6 
can individually permit normal late viral mRNA accumulation and protein synthesis 
(Halbert et al. 1985, Bridge and Ketner 1989). In mutant-E4 infected cells there is 
a reduction in the stability of viral late RNAs in the nuclei, leading to a reduction of 
accumulation of viral late mRNA in the cytoplasm (Sandler and Ketner 1989). 
Adenovirus mutants which contain major deletions of E4 were also defective for 
virus growth at the level of DNA replication and assembly of virus particles as well 
as delayed shutoff of host cell metabolism (Halbert et al. 1985, Falgout and Ketner 
1987, Weinberg and Ketner 1986). Recently E4 proteins have been shown to 
transactivate expression from the E2 promoter, by activation of the transcription 
factor E2F, in collaboration with ElA (Reichel et al. 1989, Babiss 1989). 
1.4. Intermediate gene expression 
Transcription from intermediate genes begins early in infection, at a low rate and 
increases substantially late in infection, even in the absence of adenovirus 
replication (Lewis and Mathews 1980). Two intermediate genes have been 
described. The IVa2 gene maps at 11.3 to 16.1 mu and is transcribed from the 1-
strand (Chow and Broker 1978). The IV a2 gene encodes for a 50.kDa polypeptide, 
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believed to be a maturation protein during morphogenesis of the virion particle 
(Persson et al. 1979). From the ElB transcription unit, an unspliced 9S mRNA 
encoding for the virion polypeptide IX, is transcribed at intermediate and late times 
after infection (Alestrom et al. 1980). Several open reading frames have been 
identified in the region between 11.6-34 mu, although no known protein or 
function has been assigned to them. By treatment of cells with with protein 
inhibitors and DNA synthesis inhibitors Lewis and Mathews (1980) found an 
intermediate mRNA species of 13.5kDa which mapped to 17-21.5 mu. Two 
polypeptides of 16.5kDa and 17 .OkDa have been mapped to 11.6 and 17 .0 mu 
(Lewis et al. 1979). 
1.4.1. Virus associated RNAs 
Virus associated RNAs (VA RNA) are transcribed by RNA polymerase III from 
two genes (V AI and VAII) at 28.8 and 29.5 mu (Mathews 1975, Weinmann et al. 
197 6). The V AI and V All are both approximately 160 nucleotides in length and are 
detectable early in infection, although V AI RNA is produced in large amounts late 
in infection. The VA RNAs are capable of extensive intramolecular base pairing 
and have been shown to anneal with viral mRNA (Akusjarvi et al. 1980, Mathews 
1980). A small proportion of VA RNA is found in ribonucleoprotein particles in 
association with the La antigen (a cellular protein which binds to short runs of 3' 
terminal U residues) (Lerner et al. 1981, Francoeur et al. 1982, Stefano 1984). 
Analysis of mutant viruses that were defective in the production of either one of 
the VA RN As revealed that the absence of the V AI resulted in poor virus growth 
(Thimmappaya et al. 1982). In cells infected with the VAI mutant, protein 
synthesis is reduced by over 90% at late times of infection. It was concluded that 
the V AI RNA was required for efficient translation of late viral mRNAs. The V AI 
RNA was necessary for the efficient synthesis of AA V structural proteins (Janik et 
al. 1989). Further study with the V AI defective virus revealed that the V AI RNA 
exerted its effect during the initiation of translation (Reichel et al. 1985). 
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It was thought that V AI RNA was necessary to facilitate interaction between 43S 
preinitiation complex and mRNA to form the 48S species that would bind the 60S 
ribosomal subunit to yield an 80S initiation complex (Schneider et al. 1984). 
Polypeptide chain initiation requires the covalent modification of initiation factor 
eIF-2 to form eIF-2.GTP which then forms the ternary complex, eIF.GTP.Met-
tRNAr, which supplies the ribosome with the initiator amino acid. In the presence 
of guanosine nucleotide exchange factor (GEF) the eIF2 is catalytically recycled. 
As an anti-viral response the cell produces interferon, which in turn induces 
synthesis of a protein kinase, DAI (the double-stranded (ds) RNA activated 
inhibitor). The DAI phosphorylates eIF-2, preventing recycling and inhibiting 
chain elongation (Schneider and Shenk 1987, Ochoa 1983). VA RNA binds to 
DAI, thus preventing phosphorylation of eIF-2 (Katze et al. 1987, Melli tis and 
Mathews 1988, O'Malley et al. 1989). It was noted that eIF-2 phosphorylation 
increased during Ad 2 infection, correlating with the shut off of host protein 
synthesis. It is thought that there may be segregation of host and viral RN As into 
cliff erent translational compartments. The viral compartment would contain viral 
mRNAs and V AI RNA, which would prevent DAI activation and thus permit active 
protein synthesis. The host mRNA compartment would not contain V AI RNA, 
thus DAI would be active in phosphorylating eIF-2 and inhibiting host protein 
synthesis (O'Malley et al. 1989). 
1.5. Late gene expression 
Upon replication of the adenovirus genome, transcription of late genes from the 
major late promoter (MLP) commences (Thomas and Mathews 1980). The late 
genes encode mainly structural proteins. The primary transcript extends from 
16.45 to 99 mu on the r-strand (Goldberg et al. 1978, Ziff and Evans 1978, Weber 
et al. 1977, Fraser et al. 1979) and is differentially spliced to yield 15-20 mRNAs 
which are subdivided to 5 families, Ll to L5, on the basis of different 
polyadenylation sites at 38.5 mu, 63 mu, 79.5 mu and 91.5, respectively 
(McGrogan and Raskas 1978, Nevins and Darnell 1978, Fraser and Ziff 1978). 
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The mRNAs share a common tripartite 5' leader sequence of 3 short segments 
initiating at 16.45 mu, 19 mu and 27 mu (Berget et al. 1977, Chow et al. 1977). 
The major late promoter is also expressed early in infection and its transcripts 
yield mRNA from the Ll family, although transcription does not proceed past 39 
mu (Chow et al. 1979, Thomas and Mathews 1980, Shaw and Ziff 1980). The Ll 
mRNAs encode for two structurally related proteins of 52.kDa and 55kDa which are 
found in the nucleus, associated with the nuclear membrane and persist throughout 
infection (Miller et al. 1980, Lucher et al. 1986). An i-leader sequence mRNA is 
also transcribed from the Ll region, which translates into a 16kDa protein found in 
the cytoplasm (Lewis et al. 1985, Symington et al. 1986). There are three other 
late proteins that are non structural. The 23k:Da polypeptide encoded by L3 is 
believed to be a protease which cleaves the polypeptide precursors of the virion 
(Yeh-Kei et al. 1983). A lOOkDa protein, produced from L4, is believed to 
function in hexon capsomer assembly and transport (Gambke and Deppert 1983). 
A 33kDa (39k:Da) protein is encoded by L4, however it's function is unknown due 
to a lack of appropriate virus mutants (Oosterom-dragon and Anderson 1983). The 
structural proteins encode by the late region are II (L3, hexon), ill (L2, penton 
base), N (L5, fiber), V (L2, core), and precursors to VII (L2, core) and Vill (L4, 
hexon-associated) (Pettersson, 1984). 
1.6. Adenovirus transformation 
The El region was initially implicated as important in transformation when Graham 
and his colleagues (1974) demonstrated that adenovirus DNA sheared to fragments 
of less than 10% of the genome retained the ability to transform primary rat kidney 
cells. By using specific exonucleases, the transforming activity was located to 0-
6% from the left terminal of the genome. Analysis of adenovirus-transfonned rat 
cell lines revealed that all cell lines contained at least the left-terminal 14% of the 
viral DNA (Gallimore et al. 1974, Sambrook et al. 1975), suggesting that retention 
18 
of the genes within the left 14% of the genome was required for transformation, or 
maintenance of the transformed state. 
Transformation of primary cells requires at least two functions, immortalization and 
transformation, encoded by two separate genes, ElA and ElB, in the leftward 
transforming region. Rat cells transformed by the ElA region possess an 
immortalized phenotype, believed to be the first stage of transformation. The cells 
are fibroblastic in morphology, are unable to grow to high saturation densities, are 
not tumourigenic, but have the potential for indefinite replication in media with 
serum (Shiraki et al. 1979, Houweling et al. 1980, Senear and Lewis 1986). 
Transformation of primary cells with ElA and ElB result in an oncogenic 
phenotype, characterised by anchorage-independent cell growth and the ability to 
form tumours in syngeneic animals (van den Elsen et al. 1982). The expression of 
ElB, without ElA, does not alter cell replication or morphology, and thus is not 
sufficient for morphological transformation (Solnick 1981, Solnick and Anderson 
1982, van den Elsen et al. 1983). Therefore, ElA is central to oncogenic 
transformation. 
ElA is a member of a class of nuclear oncogenes, that can cooperate with c-Ha-
raslto completely transform primary rat embryo cells and induce DNA synthesis in 
growth arrested cells (Ruley 1983, Braithwaite et al. 1983, Stabel et al. 1985, 
Kaczmarek et al. 1986a). These characteristics are shared with the polyoma and 
SV40 virus large T antigens, myc, N-myc and L-myc (Ruley et al. 1983, Land et 
al. 1983, Yancopoulos et al. 1985, Birrer et al. 1988). The mechanism of 
transformation by the adenovirus E 1 region is not well understood. Yee and 
Branton (1985) and Harlow and his colleagues (1986) found that the 13S and 12S 
ElA products were able to form stable protein complexes with cellular polypeptides 
of molecular weights 28, 40, 50, 60, 80, 80, 105, 107, 130 and 300 kDa. The 
60kDa polypeptide has recently been found associated with the mammalian 
homolog of yeast cdc2 protein kinase, believed to play a distinct role in the 
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regulation of the cell cycle (Giordano et al. 1989). Any mutations within the ElA 
proteins which destroyed the binding of ElA proteins to the most predominant 
cellular polypeptides of 300, 107 or 105kDa also inactivated the ability of ElA 
proteins to cooperate with a ras gene to transform baby rat kidney cells (Whyte et 
al. 1988). When the regions of ElA that bound the 300, 107 and 105kDa were 
more precisely mapped, the regions of ElA that are required for the interactions 
with the cellular polypeptides coincided with the regions of ElA that are required 
for its transformation function, ie CD2 (Whyte et al. 1989). The 105 and 107kDa 
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proteins required overlapping regions on E lA proteins and associated in a mutually 
exclusive manner. The results suggest that the transforming activities of the E lA 
proteins depend on their stable interactions with specific cellular polypeptides. The 
cellular 105kDa polypeptide has been identified as the product of the retinoblastoma 
gene (Whyte et al. 1988). 
1. 7 .EJA interactions with cell cycle regulatory elements in infection 
and trans/ ormation 
1. 7 .1. p60 associates with p34 protein kinase 
The 60kDa polypeptide that associates with the ElA proteins in virally transformed 
or infected cells, has recently been shown to complex with the mammalian homo log 
of yeast cdc2 protein kinase (Giordano et al. 1989). The 34kDa protein product 
(p34) of the cdc2 gene is the catalytic subunit of a protein kinase, localised in the 
nucleus, which is involved in cell cycle regulation in a wide number of eukaryotes 
(Riabowol et al. 1989, Simanis and Nurse 1986, Draetta and Beach 1988). In 
Xenopus, cdc2 has been identified as a component of maturation promoting factor 
(MPF), which causes an interphase cell to enter mitosis (Dunphy et al. 1988). In 
mammalian cells, the injection of anti-p34 antibodies blocked cell division without 
affecting DNA synthesis, suggesting that p34 acts in the initiation of mitosis 
(Riabowol et al. 1989). 
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There is rapid induction of p34 synthesis during infection, and consequent 
proliferation, of baby rat kidney (BRK) cells by adenovirus. BRK cells are 
induced to proliferate by adenovirus ElA (Montell et al. 1984, Quinlan and 
Grodzicker 1987). The induction of p34 synthesis is dependent on E lA 
expression, and does not require DNA synthesis (Draetta et al. 1988). The 
significance of the induction of p34, the association with p60 and the association of 
ElA proteins with p60 is not well understood 
In highly mitogenically activated HeLa cells, the cdc2-p34 protein interacts with a 
number of proteins. The complex of p34-p60 display a cell-cycle dependent 
histone 1 kinase activity which is most active in interphase (Giordano et al. 1989). 
A 13kDa sue I-related polypeptide acts as a subunit of the cdc2 protein kinase 
(Draetta et al. 1987). p34 also binds to a 62kDa polypeptide, which has been 
identified as human cyclin B. Mitotic cyclin increases during G2 and is abruptly 
degraded at mitosis to allow entry into interphase (Pines and Hunter 1989). It is 
thought that cyclin B is the major endogenous substrate of the cdc2 kinase 
complex. The cdc2-cyclin complex also acts as a histone Hl kinase, but is most 
active in mitotic metaphase (Giordano et al. 1989). The E lA proteins do not 
sequester all of the cellular pool of p60, as the properties of the cdc2-p60 complex 
do not change in virally infected cells. Little is known about the E1A-p60 complex. 
Perhaps the complex is responsible for the chromosomal aberrations and abnormal 
segregations that occur during mitosis of virus infected cells (Murray et al. 1982). 
1.7.2. The retinoblastoma susceptibility gene product 
Mutations in the retinoblastoma susceptibility gene (RB gene) in one allele results in 
a predisposition to retinoblastomas and osteosarcomas, while the loss of both 
alleles results in tumourgenesis (Godbout et al. 1983). Changes in the RB gene 
were also detected in human breast tumours, in small lung cell cancers and in a 
bladder carcinoma line (Lee et al. 1988, Harbour et al. 1988,Yokota et al. 1988, 
Horowitz et al. 1989). The RB gene contains 27 exons distributed over 200 kb and 
21 
encodes a mRNA of 4.7kb (Friend et al. 1986, Lee et al. 1987a, T Ang et al. 
1989). The RB gene encodes a nuclear phosphoprotein of approximately 110-
114kDa that has DNA binding activity (Lee et al. 1987b). The RB protein 
(p 1 lQRB) is expressed in all of the human tissues as yet analyzed, for example 
skin, skeletal muscle, kidney, retina, brain, and lung (Grand et al. 1989). Proteins 
antigenically related to the RB protein, and DNA sequences homologous to the RB 
cDNA have been identified in other vertebrate species eg. rats, mice, cats, chickens 
and cattle (Lee et al. 1987a,b). 
The RB protein has an important role in constraining uncontrolled growth of cells. 
When the RB gene was introduced into RB- tumour cells, via retrovirus-mediated 
gene transfer, the neoplastic phenotype, characterised by a rounded cell 
morphology, increased growth rate, soft agar colony formation and tumourgenicity 
in nude mice, was suppressed, suggesting that the Rb gene is a tumour supressor 
gene (Huang et al. 1988). Major viral products from DNA tumour viruses form 
specific complexes with the RB protein. The SV40 large T antigen has been shown 
to bind preferentially to an unphosphorylated member (pllQRB) of the RB family in 
virus-infected and -transformed cells (DeCaprio et al. 1988, Ludlow et al. 1989). 
The E7 oncoprotein of the human papilloma virus type 16 was found to complex 
with pllQRB (Dyson et al. 1989b). The adenovirus ElA proteins bind both the 
unphosphorylated and phosphorylated forms of the RB proteins (Dyson et al. 
1989b, Buchkovich et al. 1989). pl lQRB may be a common target for 
transformation by the DNA viruses. 
A putative function was assigned to the RB products after the analysis of cell cycle-
dependent phosphorylation of RB. pl lQRB is synthesised throughout the cell 
cycle, but is phosphorylated in a cycle specific manner. In synchronised cells at 
GO/G 1 all the RB protein is unphosphorylated (p 1 lQRB). RB phosphorylation 
(polypeptides ppl 12-114RB), and the inactivation of the protein, occurs at the G 1/S 
boundary and in G2 (DeCaprio et al. 1988, Buchkovich et al. 1989). pl lQRB is 
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believed to act as an active block to exit the G 1 phase . Evidence to support this 
hypothesis includes the data that the SV 40 T antigen bound unphosphorylated 
p 11 ()RB and the SV 40 T antigen is a strong potent mitogen, able to drive GO/G 1 
cells into S (Soprano et al. 1981). This suggests that by binding pl lQRB, thereby 
inactivating the protein, the SV 40 T antigen removes the block from G 1 
progression into S, and by entering the S phase, the cells provide cellular factors 
required for viral replication (DeCaprio et al. 1988, Buchkovich et al. 1989). 
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The ElA polypeptides are capable of associating with the RB protein throughout all 
stages of the cell-cycle (Buchkovich et al. 1989). The interpretation of this result 
may be that the E lA proteins are targeting other activities of the RB protein in 
addition to its Gl activity. While binding to the pllQRB by ElA products is 
essential for transformation, it is not sufficient for transformation. Mutant viruses 
that were able to bind pl lQRB, but were unable to bind the cellular 300 and 107kDa 
proteins, were transformation negative (Egan et al. 1989). The cellular 107kDa 
nuclear phosphoprotein was also found to associate with the large T-antigens of 
SV 40 and human polyoma virus (JC). Association with the 107kDa protein may 
represent another common component in transformation by E lA and large T 
antigen (Dyson et al. 1989a). 
1.7.3. p53 
ElB proteins are required in collaboration with ElA proteins to fully transform 
cells. The ElB proteins associate with a nuclear cell cycle regulatory element, 
namely p53, localizing it to a filamentous body in the cytoplasm, thus sequestering 
p53 from the nucleus, and possibly predisposing the cells to transformation 
(Sarnow et al. 1982, Zantema et al. 1985). In most Ad2 and Ad5 transformed 
rodent cell lines, however, the 495aa protein also complexes with p53 in discrete 
areas in the nucleus (Blair-Zajdel and Blair 1988). In chemically-induced 
transformed embryonic murine cells, p53 was concentrated in the nucleus, 
associated with chromatin, and only a minor fraction was detected in the cytoplasm. 
p53 accumulation in the nucleus was also a feature of other carcinogen-treated 
primary fibroblasts. In the non-transformed parental cells, p53 was only detected 
in the cytoplasm (Rotter et al. 1983). p53-SV 40 complexes were located on the 
network of nucleoplasmic fibrils of SV 40-transformed cells, although p53 was 
associated with the plasma membrane of transformed and untransformed cells 
during mitosis (de Fromentel et al. 1986, Milner and Cook 1986). In normal 
peripheral blood lymphocytes, p53 was localised exclusively to the nucleus (Mercer 
and Baserga 1985). The differences in location may be due to the type of cell 
analysed. 
p53 was initially identified as a cellular polypeptide that complexed with the SV 40 
T antigen in SV40-transformed cells (Lane and Crawford 1979, Linzer and Levine 
1979). In tumours and transformed cell lines p53 was often found in increased 
levels, directly attributed to increased stability of the protein (DeLeo et al. 1979, 
Crawford et al. 1981, Oren et al. 1981, Reich et al. 1983, Rogel et al. 1985). p53 
was shown to form high molecular weight hetero-oligomers and homo-oligomers 
in transformed cells, while p53 from normal and immortalised cells was found in 
low molecular weight forms (Kraiss et al. 1988). In transformed cells, p53 was 
found complexed to members of the 70kDa heatshock family (Hinds et al. 1987, 
Pinhasi-Kimhi et al. 1986, Sturzbecher et al. 1987, Finlay et al. 1988). It was 
subsequently cloned in a number of different laboratories from a SV40 transformed 
mouse cell line, a chemically transformed mouse cell line and a murine B cell 
lymphoma and shown to cooperate with activated ras in cellular transformation 
(Oren and Levine 1983, Jenkins et al. 1984, Eliyahu et al. 1984, Parada et al. 
1984). 
An immortalizing function was assigned to p53 when transfection of plasmids 
containing murine p53 sequences, under the control of the efficient Rous Sarcoma 
Virus long terminal repeat (RSV LTR), into adult chondrocytes (of finite lifespan) 
resulted in cellular immortality and potential for transformation by activated ras 
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(Jenkins et al. 1984). It was found that immortalization was conditional upon the 
promoter/enhancer construct used, since, under the control of the relatively weak 
SY 40 early enhancer, p53 did not immortalize cells, unless alterations in the p53 
coding sequence had occurred, resulting in stable p53 mutants. Thus 
transformation was dependent on the amount of available p53 protein. 
Immortalization of chondrocytes was achieved when the p53 cDNA construct 
contained the SY 40 origin of replication, the early region promoter and enhancer 
(Jenkins et al. 1985). 
Further evidence for the ability of the p53 protein to immortalize rodent cells was 
presented by Rovinski and Benchimol (1988). While comparing the 
immortalization potential between intact (53kDa) and rearranged ( 44kDa) p53 genes 
from Friend virus induced erythroleukemic cell lines and the p53 gene from a 
normal murine liver, they observed that the the p53 gene from the normal liver 
generated immortal cells with a high efficiency. All three genes, when placed into 
pUC18 with their natural promoters, immortalized early passage rat embryo 
fibroblasts after transfection. The rearranged p53 gene from a Friend virus induced 
erythroleukemic cell line (DP15-2), contained a 3kb deletion, removing exon 2 
coding sequences (Rovinski et al. 1987). The result of the rearrangement is a 
truncated protein of 44kDa, which is lacking the N-tenninal amino acid residues of 
p53. This construct immortalized cells with a lower efficiency than the p53 
expressing constructs. Only intact p53-immortalized cells were transformed by 
secondary transfection with activated H-ras, therefore the 5'coding regions of the 
p53 gene are necessary for ras complementation but not immortalization. A 
genomic clone of p53, derived from a BALB/c mouse library and other p53 cDNA 
clones were capable of co-operating with ras to transform primary rat embryo 
fibroblasts (Eliyahu et al. 1984, Finlay et al. 1988). Due to its ability to co-operate 
with the ras oncogene in the transformation of primary cells, p53 was classed as a 
member of the nuclear oncogene family. 
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Evidence that wild-type p53 is a tumour suppressor gene rather than an 
immortalizing oncogene has been recently presented by several independent 
investigators. A p53 cDNA clone isolated from embryonic carcinoma cells failed to 
co-operate with the ras oncogene to produce transformed cells (Finlay et al. 1988, 
Eliyahu et al. 1988, Hind et al. 1989, Finlay et al. 1989). After comparison of 
several different p53 sequences it was possible to define a consensus wild-type 
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(WT) p53 sequence (Finlay et al. 1988). It was found that p53 protein sequences 
which contained mutations, resulting from one or two nucleotide changes, that 
localise between 130 aa and 234 aa in the 390 aa protein, activated the p53 protein 
for co-operation with ras. The earlier studies, which implicated p53 as an 
oncogene, had analysed a mutant p53. 
When WT p53 plasmids were co-transfected with combinations of oncogenes, eg. 
myc+ras, ElA+ras, ElA+ElB, mutant p53+ras, in primary rat embryo cells, there 
was a marked reduction in transformation, particularly when early passaged cell& 
were transfected (Eliyahu et al. 1989). A Friend virus-induced erythroleukemic cell 
line, that showed complex rearrangement of p53 and did not produce p53 protein, 
was less tumourgenic than a normal p53-expressing erythroleukemic cell line, 
when injected into syngeneic mice (Hicks and Mowat 1988, Mowat et al. 1985). 
Mutations in the p53 gene, within the highly conserved region mentioned above, 
were detected in a significant proportion of human osteogenic sarcomas and 
colorectal carcinomas (Masuda et al. 1987, Baker et al. 1989). These results 
suggest that WT p53 expression has an adverse effect on transformed cells, and 
inactivation of p53 may be crucial in tumourigenesis. 
p53 is believed to be essential in the control of cell proliferation. p53 was shown to 
be tightly regulated to the cell-cycle, when nondividing splenic lymphocytes only 
synthesized p53 4 hrs after stimulation by mitogen (Milner and Milner 1981). 
When nontransformed, quiescent 3T3 fibroblasts were restimulated to reenter the 
cell cycle by the addition of fresh serum, p53 mRNA and protein levels increased in 
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late G 1, before the onset of DNA synthesis (Reich and Levine 1984 ). The 
induction of p53 protein synthesis was linked to cellular DNA replication in human 
peripheral blood lymphocytes, stimulated with phytohemagglutinin and interleukin 
2, indicating that p53 was a cell-cycle dependent gene whose expression could be 
regulated by different rnitogens (Mercer and Baserga 1985). 
An indication of the importance of p53 during the cell cycle was presented, when 
it was shown that microinjection of monoclonal antibodies against p53 into the 
nucleus of quiescent Swiss 3T3 mouse cells, before stimulation with serum, 
inhibited the entry of the cells into S-phase and DNA synthesis. The p53 antibody 
had no effect if the microinjection was delayed until 4 hrs after stimulation, 
suggesting that p53 may be important in the GO to G 1 transition phase of the cell 
cycle (Mercer et al. 1982, Mercer et al. 1984). Transfection of plasmids encoding 
p53 antisense RNA inhibited growth of chemically transformed and untransformed 
mouse cells (Shohat et al. 1987). Microinjection of plasmids containing the p53 
gene into quiescent Swiss 3T3, in the presence of incomplete serum, stimulated 
DNA synthesis (Kaczmarek et al. 1986b). These studies demonstrate that p53 can 
play a key role in controlling the proliferation of actively growing normal cells. 
The ability to affect DNA synthesis may be due to the intrinsic activity of non-
sequence specific binding to double stranded and single stranded DNA (Steinmeyer 
and Deppart 1988). 
As mentioned above, the SV40 large T antigen and the ElB-495aa protein both 
bind p53 to possibly inactivate its functions, predisposing the cell to 
transformation. This mode of action is similar to the inactivation of the 
retinoblastoma protein. The two functional domains of the SY 40 large T antigen 
involved in transformation, bind the RB protein and p53 (DeCaprio et al. 1988, 
Schmieg and Simmons 1988). Similarly, both ElA, which binds the RB protein, 
and E1B-495aa, which binds p53, are required for transformation. Thus there 
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appears to be a correlation between RB and p53 binding and cellular transformation 
despite the separation of function within the El region of adenovirus. 
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1.8. Transformation is the result of many complex virus-cell 
interactions 
Transformation of primary cells by adenovirus is caused by a culmination of many 
complex events, besides the probable inactivation of RB and p53 by ElA and E1B-
495aa, respectively. Through the analysis of virus mutants, the expression of other 
regions of adenovirus have been found to influence the transformation ability of 
adenovirus. In summary then, some points will be reiterated. It has already been 
established above that ElA is central to transformation. However, viruses which 
have mutations in the ElB region within the genes encoding the 495aa or 175aa 
' 
proteins, are defective for transformation (Jones and Shenk 1979b, Chinnadurai 
1983, Bernards et al. 1986, Barker and Berk 1987, Herbst et al. 1988). 
Alterations in the E2A DBP enhanced transformation frequencies, due most likely 
to an activity possessed by the altered DBP, as viruses with total deletions of DBP 
transformed rat cells at frequencies similar to wild-type (Logan et al. 1981, Rice et 
al. 1987). Viruses containing mutations that map to E2B, particularly to the DNA 
polymerase, are defective for DNA replication in human cells and transformation of 
rat cells (Miller and Williams 1987). The main function of E3 is to protect the virus 
against host defence mechanisms during infection. E3 has been shown to be 
dispensable for the growth of virus in tissue culture, although the lack of E3 
expression in viruses that do not express the E 1A-13S product decreases the 
efficiency of focus formation by 4 (Kelly and Lewis 1973, Herbst et al. 1988). 
One of the more important considerations of the induction of transformation is the 
host cell response to the invading virus, and how the intracellular environment is 
manipulated by the virus to favour uncontrolled growth. In permissive infections, 
when human adenoviruses infect established human cell lines, the lyric cycle is very 
efficient. The cells protein and DNA synthesis ceases, resulting in cell death 
(Ginsberg et al. 1967). Replication of human adenoviruses is incomplete in 
cultured cells of non human origin. Replication in a semipermissive host, eg Ad.2 
infection of rat or hamster cells, is characterized by restricted viral replication and a 
1000 fold reduction in virus yield (Gallimore 197 4, Eggerding and Pierce 1986). 
Most cells will be productively infected with adenovirus and will lyse. Only a 
small number of cells will survive and become transformed. Nonpermissive 
adenovirus infection, eg Ad12 infection of hamster cells, is characterised by 
variable expression of early genes, no viral replication or late gene expression and 
no infectious progeny (Doefler and Lunholm 1970). Transformation (at a low 
frequency) only occurs in cells semi- or non- permissive for adenoviral growth. In 
these situations the virus has the opportunity to interact with cellular regulatory 
elements to induce cellular genes, possibly responsible for creating an intracellular 
environment leading to uncontrolled proliferation. 
1.8.1. Adenovirus regulation of cellular genes 
The interaction of adenovirus with the cell during infection results in alterations in 
cellular metabolism. Early in adenovirus 2 or 5 infection, before the onset of viral 
replication, the transcription of certain cellular genes is increased by the E lA 
products. Infection of HeLa cells increases the expression of the P-tubulin gene 
(Stein and Ziff 1984). The expression of heat shock protein (hsp) genes, 
particularly the 70kDa hsp gene (hsp70) are increased by 100-fold, but only 2-fold 
in the absence of ElA function (Kao and Nevins 1983). Hsp genes are a small 
number of specific genes induced in most organisms by brief heat treatment or 
other cellular stress (Schlesinger et al. 1982, Burdon 1986). The hsp70 gene is 
cell-cycle regulated. mRNA accumulates in the cytoplasm during the S of the cell 
cycle, and rapidly disappears during mid to late S and G2. This increase is 
reflected in the increase of protein in the nucleus (Kao et al. 1985, Wu and 
Morimoto 1985, Milarski and Morimoto 1986). 
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During infection, hsp70 is colocalised to the nucleus with ElA. A small fraction 
of hsp70 was found complexed with ElA (White et al. 1988). Perhaps the 
induction is in response to infection as a cellular stress. This is unlikely, as 
infection with an 9S virus (lacking the E1A-13S and 12S products), under 
conditions which result in a productive infection, did not induce hsp70 (White et al. 
1988). Recently, hsp70 has been assigned the role of an ATP-dependent 
"unfoldase", responsible for folding incorrectly or incompletely folded proteins, by 
coupling ATP hydrolysis to disruption of quaternary structure until the protein 
assumes its correct configuration. Cytosolic hsp70 was also shown to maintain 
precursor proteins in a loosely folded state to translocate across membranes 
(Deshaies et al. 1988, Chirico et al. 1988). The significance of the induction of 
hsp70 by adenovirus infection is not well understood. Other members of the hsp 
gene family, hsp89 and hsp27, were not cell-cycle regulated or induced by ElA 
(Simon et al. 1987). 
ElA products were also shown to activate the transcription of the P-globin gene 
and the rat preproinsulin gene when these genes were contained within a plasmid 
and transfected into ElA-expressing cells, or cotransfected with ElA-carrying 
plasmids cells ( Green et al. 1983, Gaynor et al. 1984, Stein and Ziff 1984). The 
cellular ~-globin and preproinsulin genes were not induced by E l A products, 
suggesting that conformation and accessibility of DNA may influence the induction 
ability of ElA products. 
In EI-transformed cells, E lA reduced the expression of cellular proliferation-
associated genes. Analysis of a number of Ad5 transformed rodent and human cell 
lines revealed that the expression of c-myc and another growth factor-inducible 
gene, the JE gene, was reduced at the level of mRN A accumulation (Timmers et al. 
1988, Timmers et al. 1989). The JE gene product has recently been identified as 
part of a large family of secreted cytokine-like glycoproteins, secreted by 
monocytes and fibroblasts, after induction by a mitogenic or activation signal 
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(Rollins et al. 1988, Rollins et al. 1989). ElA-mediated transformation also 
suppressed the level of stromelysin mRNA (Offringa et al. 1988). Stromelysin is a 
secreted metalloprotease which degrades extracellular matrix components (Wilheim 
et al. 1987). The expression of stromelysin is induced by epidermal growth factor 
and transformation by polyoma virus, Rous Sarcoma virus and H-ras (Matrisian et 
al. 1985). 
1.8.2 Adenovirus induces cell-cycle associated genes 
In order to create an environment conducive for viral DNA replication, adenovirus 
induces quiescent cells to progress into S-phase, and growing cells to progress 
abnormally through the cell cycle, exhibiting a shortened G 1 phase and DNA 
replication uncoupled from the synthesis of rRNA and polyamines (Braithwaite et 
al. 1981, Cheetham and Bellett 1982, Murray et al. 1982, Braithwaite et al. 1983). 
As a direct result of E lA expression, actin stress fibres disappear and some actin 
binding proteins are reorganized, resulting in a diffuse distribution of actin, 
.. 
resembling that found in early mitotic cells. The disruption of the cytoskeleton was 
found to be directly due to ElA and not to abnormal cell cycle progression induced 
by adenovirus (Jackson and Bellett 1985, 198?). As mentioned earlier, White and 
Cipriani ( 1989) suggest that specific disruption of intermediate filaments and the 
nuclear lamina is mediated by the 175 aa ElB protein. 
To facilitate viral DNA synthesis, there is degradation of the cellular nucleoli (the 
site of synthesis for rRNA and assembly of ribosome subunits) and rRNA 
synthesis is inhibited during infection (Castiglia and Flint 1983, Lawler et al. 
1989). The nucleolar components and small nuclear riboprotein-associated 
antigens are recompartmentalized to form pseudonucleoli, nucleated around sites of 
adenovirus DNA replication (Walton et al. 1989). 
Concommitant with the induction of cell DNA synthesis, is the induction of cell-
cycle associated genes by the E lA gene products. Adenovirus infection 
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preferentially activates cellular genes whose expression reaches a maximum in the 
late Gl-S phase and are involved in DNA replication. Thymidine kinase activity 
and mRNA levels in rodent cells increased after Ad5 infection (Cheetham and 
Bellett 1982, Braithwaite et al. 1983). Ornithine decarboxylase activity was not 
increased after infection, although the mRNA level was increased (Liu et al. 1985). 
The transcription of thymidylate synthase, an essential enzyme in proliferating cells 
not provided with exogenous thymidine, was increased after infection (N avalgund 
et al. 1980, Zerler et al. 1987). Similarly, dihydrofolate reductase expression was 
induced (Yoder et al. 1983). The synthesis of proliferating cell nuclear antigen 
(PCNA, also known as cyclin), the auxiliary protein of DNA polymerase 8, was 
activated by ElA during infection (Prelich et al. 1987, Bravo et al. 1987, Zerler et 
al. 1987, Jelsma et al. 1989). The expression of histone H3, usually restricted to 
the S phase, was also activated during adenovirus infection (Hirschhorn et al. 
1984b, Liu et al. 1985). Other enzymes associated with DNA replication, which 
are induced by adenovirus infection, include cellular topoisomerase 1, DNA 
polymerase, aspartate transcarbamylase, dCMP deaminase and ribonucleotide 
reductase (Chow and Pearson 1985, Ledinko 1968, Ledinko 1966, Zimmerman et 
al. 1970). 
Late in infection there is a specific inhibition of translation of pre-existing mRNAs 
in the cytoplasm, and a decrease in the appearance of newly transcribed RNA in the 
cytoplasm, resulting in a shutoff of host cell protein synthesis, after viral DNA 
synthesis begins (Bello and Ginsberg 1967, Beltz and Flint 1979, Babich et al. 
1983). The inhibition of translation may be due to the displacement of host mRNA 
from active polysomes (Philipson et al. 1975). The failure of cell mRNAs to be 
transported to the cytoplasm maybe mediated by a protein complex that includes the 
E1B-55K and E4-34K proteins (Babiss and Ginsberg 1984, Halbert et al. 1985). 
Virus infection does not block transport of all cellular mRNAs. The exceptions 
include the ElA-induced mRNAs of hsp70 and the ~-tubulin mRNA family, 
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suggesting that induction by E lA overcomes the viral block, although translation of 
hsp70 was inhibited 20-fold (Moore et al. 1987). 
Thus, adenovirus manipulation of host cell machinery is very complex. Most 
virus-host interaction is concerned with the deregulation of the cell cycle in order to 
establish an environment favourable for viral replication . Proteins enccxied by the 
El region of adenovirus have been shown to bind to important cell-cycle regulation 
elements, eg. p 11 ()RB, p300, p 170 and p53, to disturb the cellular blocks of the 
cell-cycle, resulting in unrestrained growth, providing cellular constituents 
necessary for viral replication. Proteins from the ElA region transactivate the 
expression of cellular proteins involved in cellular DNA replication, in order to 
subvert the cellular machinery towards viral DNA replication. The role of some 
induced cellular genes, eg hsp70 and P-tubulin has not been well defined. In a 
small percentage of cells, viral replication is incomplete, the cells survive the 
encounter and become transformed, due to events that occured early in infection. 
The El region has integrated within the genomes of these transformed cells, and El 
products continue to maintain the transformed state by interacting with cell 
regulatory elements, through transactivation and repression of transcription. 
1.8.3. The strategies used to identify cellular proteins that are induced by or interact 
with the adenovirus early region 
Two general approaches have been used to increase the understanding of 
adenovirus interaction with the host cell. The first general approach has been to 
analyse the effect of ElA, by infection or transfection, on cellular genes known to 
be involved in functions which are modulated by adenovirus. An example is the 
analysis of DNA replication enzymes. Adenovirus infection was shown to induce 
cellular DNA synthesis in a variety of cells, and the induction of enzymes 
associated with DNA replication by adenovirus, was established soon after, as 
discussed in section 1.8.2. (Takahashi et al. 1966, Shimojo and Yamashita 1968). 
Similarly, the El region was known to transform primary cells, so the regulation of 
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cellular oncogenes, initially recognised as homologs of retroviral tumour-inducing 
genes, eg c-myc, c-fos, c-H-ras, after adenovirus interaction, was investigated. 
E lA products were responsible for the induction of c-myc and c-f os, depending on 
the type of cell assayed, but there was no induction of c-H-ras, although ElA could 
co-operate with an activated form of c-ras to fully transform primary cells. The 
response of genes enccxling products induced in tumourgenesis were also analysed. 
For example, the activity of the gene coding for stromelysin, a secreted 
metalloproteinase associated with the progression of malignancy, was suppressed 
in El-transformed cells (Matrisian et al. 1986, Ostrowski et al. 1988, Offringa et 
al. 1988). 
1.8.3.i Differential screening of cDNA libraries 
An alternative approach that could be used to identify cellular genes induced by 
ElA is to isolate cDNA representing cellular RNA species induced by ElA, by 
differential screening of a cDNA library of ElA-expressing cells. The technique 
involves the isolation of poly A+ RNA from the cells of interest, synthesizing 
cDNA from the RNA, cloning the cDNA into expression vectors, resulting in a 
cDNA library, and screening duplicates of clones from the library with 
radiolabelled cDNA synthesised either from the original mRNA population, or an 
mRNA population from cells lacking the activity of interest. The cDNA clones that 
hybridise to both cDNA populations, represent rnRNA that is common to both 
cellular populations. The rare cDNA clones that only hybridise to one cDNA 
population, represent mRNA that is unique to one cell population and warrant 
further investigation. The major problem with the isolation of selectively induced 
genes using this technique, is that it is often difficult to assign functions to the gene 
products, since they were not isolated by any functional assay. The technique of 
differential screening has been used in many laboratories with success to identify 
cellular genes induced during cell-cycle progression, tumourgenesis and viral 
induced transformation. 
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Differential screening of cDNA libraries has been used to identify cell-cycle 
dependent genes. Linzer and Nathans (1983) constructed a cDNA library of lxl06 
clones from poly A +RNA present in BALB/c 3T3 cells after serum stimulation. 
After screening 3,500 clones differentially, 13 clones contained inserts which were 
expressed at higher levels in serum stimulated cells than in quiescent cells. One of 
the clones, designated prolif erin, was characterised further and found to share 
sequence similarity with prolactin (Linzer and Nathans 1984). Proliferin was 
identified as part of the mitogen-regulated protein (MRP) family, although its 
functional role was not ascertained (Parfett et al. 1985). 
Libraries were prepared from BALB/c 3T3 cells stimulated with platelet-derived 
growth factor (PDGF) for 4 hours (Cochran et al. 1983). From 8,000 clones 
differentially screened, 14 were shown to be G 1 specific. The level of one clone, 
in particular, was dramatically increased by PDGF treatment and was called the JE 
gene. By sequence analysis and transient expression assays, the JE product was 
found to be a monocyte and fibroblast secretory cytokinelike protein (Rollins et al. 
1989). 
Cell-cycle dependent genes were also isolated from a differentially screened library 
made from G 1 specific, temperature-sensitive hamster cells (Hirschhorn et al. 
1984a). While the kinetics of induction has been studied for five clones, and three 
clones have been shown to be expressed at a higher level in leukaemias, the 
functions of the gene products are not known (Calabretta et al. 1985, Gibson et al. 
1986). A similar situation exists with the 8 clones isolated from 8,000 clones from 
a library made from stimulated Swiss 3T3 fibroblasts (Edwards et al. 1985). One 
of the eight clones was similar in sequence to the murine B2 repetitive element, the 
level of which increases during transformation (Singh et al. 1985a, Grigoryan et al. 
1985, Kohnoe et al. 1987). 
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Differential screening of cDNA libraries has also been used to identify genes 
involved in tumor progression. For example, Yamamoto and his colleagues (1983) 
isolated 31 clones out of 4,000 clones from a cDNA library made from azo-dye-
induced rat ascites hepatomas. They demonstrated that a class of middle-repetitive 
sequences were specifically transcribed in a number of tumor cell lines. Steeg and 
her colleagues (1988a) isolated a gene (NM23) which was reduced in expression in 
metastatic melanoma cell lines, compared to the poorly metastatic melanoma cell 
line, by differential screening. The level of this gene was increased in rat embryo 
fibroblasts (REFs) cotransfected with Ad2 ElA and c-Ha-ras, which are 
nonmetastatic, compared to REFs transfected with c-Ha ras, which are highly 
metastatic (Steeg et al. 1988b). 
A number of genes influenced by viral transformation have been isolated. For 
example, the SV 40 large tumor antigen was shown to induce several cellular 
transcripts, isolated though differential screening of cDNA libraries made from 
SV40 transformed cells (Schutzbank et al. 1982, Singh et al. 1985b). Novel genes 
induced by Rous sarcoma virus (RSV) were isolated from a chick embryo 
fibroblast (CEF) cDNA library by differential screening using radioactive cDNA 
made from uninfected or RSV-infected CEFs and from a differentially screened 
RSV-transformed CEF library (Sugano et al. 1987, Bedard et al. 1987). 
The differential hybridization technique was refined further to isolate cDNA 
representing differentially expressed mRNA in relatively low abundance. By 
removing cDNA representing mRNA common to both cell types, the cDNA library, 
and/or cDNA probes would be significantly enriched for the possibly rare cDNA 
representing the mRNA responsible for the activity of interest. This procedure is 
referred to as subtractive hybridization. 
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1.8.3.ii Subtractive hybridization 
Scott and his colleagues (1983) hybridised radiolabelled cDNA made from a SV40 
transformed BALB/c 3T3 cell line to cDNA from 3T3 cells immobilised to 
cellulose. The cDNA that did not hybridise was used to screen 6,400 clones, of 
which 42 clones were positive and were characterised into 4 major transcription 
units, shown to directly respond to the transforming protein of SV 40. 
A number of definitive experiments showed the value of subtractive hybridisation 
as a means to isolate low abundance mRNA. Davis and his group (1984b) 
hybridised cDNA from B cells against mRNA from T-cells and removed common 
sequences by passing the sample through hydroxyapatite, resulting in a cDNA 
probe highly enriched for B cell sequences. cDNA from T-cells was hybridised 
against mRNA from B-cell and similarly treated, resulting in a cDNA probe highly 
enriched for T-cell specific sequences. The probes were used to screen a cD NA 
library, highly enriched for T-cell specific sequences. 5,000 clones were screened, 
35 clones were positive and they were able to identify the T-cell receptor from the 
positive clones by Northern and Southern analysis. 
Subtractive cDNA libraries have been constructed in many experimental situations, 
when it is possible to obtain two closely related cell populations, which 
optimistically differ only in the activity of interest. Examples include the analysis 
of genes specifically expressed in growth-arrested cells compared to stimulated 
cells, and genes specifically expressed in non-metastatic as opposed to metastatic 
cell lines (Schneider et al. 1988, Dear et al. 1988). Subtractive cDNA probes have 
been used to screen cDNA libraries to isolate genes induced by transformation by 
oncogenes, eg transin (Matrisian et al. 1985), and cellular genes expressed at 
higher levels in adenovirus transformed cells (Kao and Nevins 1986). 
As mentioned previously, the main problem with differential screening and 
subtractive hybridization, is the difficulty of assigning functions to the gene 
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products, since they were not isolated by functional assays. There are a number of 
steps involved in identifying the newly isolated gene. The cDNA is sequenced and 
the sequence compared to sequences held within databanks. Northern analysis to 
judge transcript size and induction kinetics is completed. From the result of the 
Northern, it may be necessary to screen a full length cDNA library for the full 
length cDNA, which can be used for in vitro translation to identify the protein 
product. Antibodies could be raised against peptide sequences. The cDNA or 
antisense cDNA could be microinjected, or transfected into the cell to investigate 
whether the phenotype of interest can be recreated or destroyed, respectively. This 
procedure does not necessarily reflect the correct function of the gene product, 
although a idea of the role of the protein may be gained. Thus as more sequences 
of genes induced in serum stimulation or transformation become identified and the 
function of gene products is deduced, it may be possible in the near future to 
understand the multitude of processes the cell undergoes, during progression 
through the cell-cycle or transformation. 
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1.9. Scope of this Thesis 
Adenovirus transformation is the result of many complex interactions between the 
cell and the regulatory regions of adenovirus. The E lA region is essential for 
cellular immortalization, and together with the ElB region, can fully transform 
semipermissive cells. The manner in which the host cell responds to ElA 
products, to create an intracellular environment ultimately resulting in immortality, 
is not understood. Although ElA products can bind to cell-cycle regulatory 
elements, inducing the cell into S phase, and increasing the level of DNA 
synthesising machinery, the full scope of cellular responses to E lA products has 
not been elucidated. The aim of this thesis is to identify and characterise cellular 
genes induced by ElA products during the early stages of infection that may play 
crucial roles in the establishment of the immortalized phenotype. To achieve this 
goal, clones that were differentially screened from subtractive cDNA library, 
enriched for ElA-induced cellular sequences (constructed before the start of the 
current investigation), were characterized by .sequence, Southern and Northern 
analysis in chapters 3 and 5. The transcription kinetics of the clones were also 
investigated in chapter 5. Chapter 4 deals with the identification and 
characterisation of a contaminating dependovirus, adeno-associated virus (AA V), 
found by sequencing induced clones from the subtractive library. 
The effect of adenovirus infection on a cellular protein-degradation pathway, was 
also monitored. If a major protein degradation pathway was induced during 
adenovirus infection, unfamiliar proteins, for example virion components, may be 
recognised as foreign and rapidly degraded, leading to an inhibition of the lyric 
cycle, possibly aiding the establishment of a transformed state. To investigate this 
possibility the expression of ubiquitin, a major component of the ATP dependent 
degradation pathway for short-lived, damaged or denatured proteins, during 
adenovirus infection, was analysed in chapter 5. 
A final discussion of the results and implications is presented in chapter 6. 
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Chapter 2 
Mate rials and procedures 
4 0 
2.1. Mate rials 
2.1.1 Media and cells 
JC rats were bred in specific pathogen free conditions at the Animal Breeding 
Establishment, John Curtin School of Medical Research. HeLa cells were obtained 
from the American Type Culture Collection, Rockville. Human 293 cells were 
obtained from Dr. F. Graham, McMaster University, Ontario. Adenovirus-
transformed cell lines, Fl 7 and XHO-BRK, were obtained from Dr. P. H. 
Gallimore, University of Birmingham, England. All cell cultures were grown in 
Eagle's modified essential medium plus Earle's salts (Autopow, Flow laboratories 
Inc.). Foetal calf serum (FCS) was obtained from the Commonwealth Serum 
Laboratories, Aust, and heat inactivated at 56°C for 30min before use. 
2.1.2 Plasmids 
3'-0ligo (dG)-tailed pUC 9 was obtained from Pharmacia. pGem 1 was obtained 
from Promega Biotec. pSM620, containing the AA V genome cloned into the Pstl 
site of pBR322, was kindly supplied by Dr. K. I. Berns, Cornell University, New 
York. pRBL26, containing the human ubiquitin coding region, was a gift from Dr. 
P.G. Board, JCSMR, Canberra. The plasmid containing a 2.1kb cDNA insert for 
human a.-tubulin was originally obtained from Dr. N. J. Cowan, Princeton 
University, New Jersey. pElA, containing 0-1571 nucleotides of WT; pElB, 
containing 1831-3931 nucleotides of Ad 2 and pE3, containing 28962-32172 
nucleotides of Ad2, were kindly provided by Dr. A. Braithwaite, JCSMR, 
Canberra. pE2, containing 21606-27372 nucleotides of WT was obtained from Dr. 
J. R. Nevins, Duke University Medical Center, North Carolina. pMR53, 
containing a 16-kilobase EcoRl fragment of mouse genomic p53 was a gift from 
Dr. S. Benchimol, Ontario Cancer Institute,Ontario. 
2.1.3. Chemicals and DNA I RNA modifying enzymes 
SDS, TE:MED and polyacrylamide (analytical grade) were purchased from Biorad. 
Genetic technology grade agarose was obtained from FMC. 32P-labelled 
nucleotides were purchased from Amersham. All other chemicals used in 
experiments described in this thesis were of analytical grade, and obtained from the 
Sigma Chemical Company. Restriction enzymes, deoxy-nucleotide triphophates 
and Proteinase K were purchased from Boehringer Mannheim. DN ase and RN ase 
were obtained from Promega 
2.2. Procedures 
2.2. l Cell culture 
Establishment of primary rat embryo fibroblast cultures 
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Primary cell cultures of JC rat embryo fibroblasts (REF) were established by 
washing 15-17day old rat embryos extensively in phosphate buffered saline, (PBS, 
0.137M NaCl, 6.75mM Na2HP04, 2.5mM NaH2P04), followed by mincing and 
trypsinization for 30 minutes in 0.125% (w/v) trypsin (dissolved in PBS) at room 
temperature (RT). The cell suspension was filtered through sterile gauze, 
centrifuged at 150g and resuspended in Autopow, supplemented with 10% (w/v) 
FCS. The cells were grown in 175cm2 plastic tissue culture flasks (Falcon) at 
37°C in Autopow+ 10%FCS, until a confluent monolayer of approximately 2xl07 
cells was achieved. Cells were passaged by washing throughly in PBS, exposing 
each flask to 2mls of 0.025% trypsin for 5min at 37°C, and inactivating the trypsin 
by adding lOmls Autopow+ 10%FCS. The cells in each flask were then subdivided 
into 5 more flasks, to produce a 1 :5 dilution. The cells were passaged twice in this 
way, resulting in tertiary REFs (3°REFs). 
Infection of 3° REFs 
When confluent, the 3° REFs were infected with adenovirus. After removal of the 
medium, the cells were overlayed with 1 Omls Autopow-1 %FCS containing virus 
estimated to be approximately 25 infectious units (iu) per cell, or without virus in 
the case of mock infection. The cells were incubated for 90mins at 37°C, after 
which time the original medium was replaced and the infected cells incubated at 
37°C, until processed for RNA analysis, DNA analysis or transcriptional analysis. 
Serum deprivation 
To investigate the effects of adenovirus infection in the absence of serum, in some 
experiments media was changed to Autopow supplemented with 0.2% FCS when 
3°REFs became confluent. The cells were serum deprived in this way for 24hrs 
before virus infection, and throughout virus infection. 
2.2.2 Viruses 
Virus mutants 
The defects within adenovirus mutants are described in table 2.1. Adenovirus 
mutant strains dl 312, dl 313, dl 337, dl 338 were generous gifts from Dr. T. 
Shenk, Princeton University, New Jersey. Strains 12S PM961, ElA PM928, 12S 
virus, 13S virus and hr 3 were kindly supplied by Dr. E. Moran, Cold Spring 
Harbour, New York; dl 808 was obtained from Dr. G. Ketner, The John Hopkins 
University, Baltimore. The mutant dl 327 was from Dr. J.R. Cutt, Rutgers 
University, Piscataway, New Jersey. 
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Table 2.1. Defects of adenovirus mutants 
Mutant Mutation Consequence Reference 
dl 312 L\ bp 448-1349 at 1.5 to L\ 12S and 13S RNAs. no
 ElA Jones and Shenlc,1979b 
4.5mu proteins produced 
dl 309 L\ of 2bp at-22 and-23 from WT for growth and E
 IA Jones and Shenlc, 1979b 
initiation site of V AI expression. Thimmappaya et al., 1979 
transcription at 29 .5mu 
12S * 12S cDNA replaces ElA gene only 243 aa product 
Moran et al., 1986a 
in dl 309 
13S * 13S cDNA replaces ElA gene only 289 aa prod
uct Moran et al., 1986a 
in dl 309 
12Spm961 * point mutation at bp 961 glycine to lys
ine at 135aa in Moran et al., 1986b 
guanine to adenine 243 aa product Mutation in 
constant domain 2 
E1Apm928* point mutation at bp 928 cysteine to glycine at
 124aa in Moran et al., 1986b 
thymine to guanine both ElA products Mutation in 
constant region 2 
hr 3 point mutation at bp 1086 methionine to lysine at 186aa 
Harrison et al. , 1977 
thymine to adenine in 289aa product Mutation in Glenn and Ricciardi, 1985 
constant region 3 
dl 313 L\ bp 1334 to 3640 at 3.5 to No ElB proteins. 
ElA proteins Jones and S henlc, 1979b 
10.5mu fuse<l to 3'exon of ElB 
dl 337 * L\ bp 1770 to 1915 
dl 338 * L\ bp 2805 to 3329 
dl 327 L\ 78.5 to 84.3mu 
dl 808 L\ of 2,008bp from 2946 to 932, numbere<l from right end 
of genome. 92-97 .1 mu 
* - constructed from dl 309 
aa - amino acids 
mu - map units 
~ - deletion 
Virus propagation 
truncate<l ElB 21K protein Pilder et al., 1984 
truncate<l E lB 55K protein Logan et al., 1984 
Pilder et al., 1986 
L\ of Protein coding region E3, Cutt et al., 1987 
no E3 protein 
L\ of open reading frames 2 to 7 Challberg and Ketner, 1981 . 
of E4 in Ad 2 No E4 product, Herisse et al., 1981 
re<luced levels of viral late RN A 
Adenovirus type 5 (Ad5) and mutant strains dl 327 and dl 808 were grown and 
titrated on Hela cells. Human 293 cells, transformed by Ad5 and constitutively 
expressing adenovirus E 1 proteins (Graham et al., 1977), were used to propagate 
the El mutants dl 312, dl 313, dl 337, dl 338, hr 3, 12S PM961, 12S virus and 
13S virus. The appropriate cell line was infected with virus at approximately 1 iu 
per cell. At 60hrs after infection the majority of cells had lost their adherent 
phenotype. Remaining adherent cells were dislodged by gentle agitation and the 
cellular suspension centrifuged at 1,200rpm (Beckman TJ-6) for 5min. The pellet 
of cells was resuspended in 20mM Tris-HCl at 1ml per original 17 5cm2 flask. The 
cells were then frozen in dry ice for 5min before thawing at 37°C for 5 mins. This 
cycle was repeated twice before cellular debris was pelleted by centrifugation at 
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2,500rpm (Beckman,TJ-6) for 10 min. The supernatant, containing virus, was 
aliquotted and stored at -70°C. 
Titrations of virus 
Titrations of viruses were calculated by the fluorescent cell counting method of 
Philipson (1961). Cover slips within petri dishes were seeded with either Hela or 
293 cells. When the cells were confluent, the media was removed and the 
coverslips were infected with a series of tenfold dilutions of virus in 10µ1 
Autopow+ 1 %FCS. After incubation at 37°C for 90min, media was replaced 
(Autopow+ 1 %FSC) and the cells incubated at 37°C for a further 24 hrs. Each 
coverslip was washed twice in PBS, fixed in 3.7% formaldehyde in PBS for 
lOmin, washed with PBS and water, consecutively, and fixed at -20°C in acetone 
for 5min. The coverslips were air dried and washed extensively with PBS, before 
reaction with V-antiserum (directed against adenovirus particles). V-antiserum was 
raised in rabbits according to Russell et al. (1967). The antiserum was diluted 1:10 
in PBS, 100µ1 placed on each coverslip and incubated at 37°C for 30mins. After 
reaction with the primary antibody, the coverslips were extensively washed with 
PBS, before the secondary antibody was applied. 100µ1 of 1 :20 dilution of 
fluorescein isothiocyanate (FITC)-conjugated sheep anti-rabbit antibody (Silenius 
Laboratory) was applied to the coverslips which were incubated at 37°C for 
30mins. Coverslips were thoroughly washed with PBS and mounted using PBS : 
glycerol (50:50). To calculate the titre of virus per ml, approximately 10 fields of 
cells were viewed under UV and the fluorescent cells counted. The average 
number of cells was multiplied by the calibration factor of the Leitz microscope at 
the 40X magnification, divided by the dilution and the fraction of a ml used on the 
coverslip. 
2.2.3 Analysis of transcription rate by Nuclear Run on 
In order to investigate regulation of gene expression at the transcriptional level, 
nuclei were isolated from infected cells, nascent RNA chains were elongated by 
RNA polymerase, in the presence of a radiolabelled ribonucleotide and used to 
probe cDNA-containing plasmids immobilized on nylon membranes. The technique 
was adapted from Fahnestock and Lewis (1989) and Weinheimer and McKnight 
(1987). Approximately 5xl06-2xl07 cells were collected by trypsinization and 
washed twice in PBS. Nuclei were isolated by lysis in 5mls lOmM Tris pH7.4, 
lOmMNaCI, 3mM MgCl2, 3mM DTI, 0.5% Nonidet P40 (NP-40), 20units/ml 
RNAsin, for 3min on ice, followed by centrifugation at 1500rpm (Beckman TJ-6) 
for lOmin. The nuclei were resuspended in 40µ1 storage buffer (lOmM Tris 
pH7.5, 5rnM MgC!i, 2.5% Ficoll, 0.3rnM spermidine, lmM Dithiothreitol (DTI), 
50% glycerol) and stored at -70°C. To prepare radiolabelled nuclear RNA, the 
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nuclei were incubated at 30°C for 30min with 200µCi a-32P-dGTP, in a total 
volume of 100µ1 yielding a final concentration of 40m.M Tris pH8.3, 150mM 
NH4Cl, 0.5mM dATP, 0.25mM dUTP, dCTP, 7.5mM MgCI2, 25% (v/v) 
glycerol. The DNA was digested by the addition of 12 units of RNAse-free DNAse 
and the reaction further incubated at 30°C for lOmin. The nuclear matrix was 
degraded by the addition of 50µ1 30mM Tris pH7.4, 6m.M EDTA, 3%(w/v) SDS, 
3mg/ml heparin, 1mg Proteinase Kand incubation at 37°C for 1hr. The lysate was 
extracted with phenol:chloroform (1: 1) and the organic phase reextracted with 
100µ150mM Tris pH7.4, lOmM EDTA, 0.5% SDS. To precipitate the RNA, 64µ1 
of 1 OM ammonium acetate and 340µ1 isopropanol were included and the mixture 
incubated at -70°C for 15min. After centrifugation at 14,000rpm (Eppendorf) for 
15min, the pellet of radiolabelled RNA was resuspended in 100µ1 of TE (lOmM 
Tris-HCl pH7.5, lmM EDTA) and denatured by the addition of 2µ1 lOM NaOH 
for lOmin at 0°C. After neutralisation with 60µ1 lM HEPES pH7.4, the RNA was 
precipitated with 720µ1 ethanol. The RNA was centrifuged at 14,000rpm 
(Eppendorf) at 4 °C for 15min, resuspended in 500µ1 hybridisation mix, and added 
directly to the prehybridised filters. 
Plasmid was bound to the filters by initially boiling 5µg of plasmid DNA per 
nuclear run-on in 0.25M N aOH for 5min in a volume of 50µ1. In order to maintain 
denaturation of the plasmid, the samples were placed on ice for 5min, during which 
time 50µ1 of 0.25M NaOH, 0.125XSCC (1XSSC=150mM NaCl, 15mM sodium 
citrate) was added. The samples were then applied to a Zeta Probe membrane 
(Biorad), presoaked in water, immobilized in a 96 well Minifold II apparatus 
(Schleicher and Schuell), under vacuum. The apparatus enabled plasmid DNA to 
be immobilized in a slot configuration of 0.75mm x 8.0mm. Each well was rinsed 
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with 300µ1 0.25M NaOH, 0.125XSSC, under vacuum. Before prehybridisation 
the filters were rinsed in 2XSSC. Filters were prehybridised in 0.2mls/cm2 of 
50% formamide (freshly deionized), 1.5XSSPE (lXSSPE=180mM NaCl, lOmM 
sodium phosphate pH 7.7, lmM EDTA), 1 %SDS, 0.5% BLOTTO, 0.2 mg/ml 
yeast tRNA, 0.5mg/ml sheared salmon sperm DNA, at 50°C for 24hrs. Filters 
were hybridised with radiolabelled RNA for 48hrs at 50°C in 0.075ml/cm2 of 50% 
formamide, 2XSSPE, 1 % SDS, 0.5% BLOTIO, 10% dextran sulphate, 0.2mg/ml 
yeast tRNA, 0.2mg/ml sheared salmon sperm DNA and at least 5xl06 cpm labelled 
RNA. Non-specific hybridisation was removed by initially washing filters in 
2XSSC, 0.1 % SDS for lOmin at room temperature, followed by washing in 
0.2XSSC, 1 % SDS at 65°C for 10-30 mins. If non-specific radioactivity posed a 
problem after washing, the filters were rinsed in 2XSSC for 3x5 min, before 
exposure to lµg/ml RNAse A in 2XSSC for 10mins at room temperature followed 
by 0.2XSSC, 1 %SDS at 50° for lOmin. The filters were sealed in polythene bags 
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and exposed to Kodak XAR-5 film with intensifying screens at -70°C for 7-30 
days. 
2.2.4 Analysis Qf RNA 
Isolation of Total Cytoplasmic RNA 
Confirmation of transcriptional regulation by E lA of specific genes was obtained 
by Northern analysis of poly A+RNA, total cyoplasmic and nuclear RNA. 
Cytoplasmic RNA was prepared as described by Scott et al. (1983). All solutions 
sterilized by treatment with diethyl pyrocarbonate (dep), to inactivate RNAses, 
followed by autoclaving to decompose the dep (Palmiter,1974). Briefly, cells were 
collected by scraping and washed twice with PBS. The cells were resuspended in 
O.lM NaCl, lOmM Tris HCl pH7.4, lmM EDTA at a concentration of lxl07 cells 
per ml at 4 °C. MgCl2 was added to a final concentration of 5mM, followed by the 
addition of NP40 detergent to 0.5%(v/v). The solution was centrifuged at 
8,000rpm (Sorvall RC 5B) for 2 mins, DNA was isolated from the nuclear pellet as 
described in 2.6.i. and the supernatant extracted with an equal volume of water 
saturated phenol. The extraction was incubated at 65°C for 1 Omin after the addition 
of EDTA to 25mM and SDS to 0.5% (w/v). In order to isolate the aqueous layer 
the extraction was centrifuged at 3,000rpm (Beckman TJ-6) for lOmin. The 
cytoplasmic RNA fraction was then extracted with phenol:chloroform (1: 1), 
chloroform and ether, consecutively. The RNA was precipitated by the addition of 
sodium acetate to 0.2M and 2.5 volumes of ethanol at -70°C for 16hrs. The RNA 
was pelleted by centrifugation at 10,000rpm (Sorvall RC SB) at 4°C and 
resuspended in 1ml dep-H20. By measuring the absorbance of the RNA at 260nm 
and applying the conversion relationship (1 absorbance unit at 260 nm equals 
40µg/ml RNA), it was possible to estimate the concentration of RNA. 20ug 
aliquots of total cytoplasmic RNA were re-ethanol precipitated and stored at -70°C 
for future Northern analysis. 
Poly A+ RNA preparation 
Poly A+ RNA was isolated from approximately 10-20mg of total cytoplasmic RNA 
essentially as described by Maniatis et al. (1982). Cytoplasmic RNA was ethanol 
precipitated, resuspended in 5ml binding buffer (0.5M Na Cl, 1 OmM Tris HCl pH 
7 .4, lmM EDTA, 0.1 % SDS) and heated to 65°C for 5mins. After cooling to room 
temperature the solution was applied to a column containing oligo dT12-1s 
(Pharmacia), prewashed in 0.5M Na OH, sterile water and binding buffer. The 
eluate was reheated to 65°C, cooled and reapplied to the column. To eliminate any 
RNA nonspecifically bound to the column, 10 ml of binding buffer was applied to 
the column. All eluate fractions were saved for spectrophometric analysis. After 
the addition of 10ml elution buffer (lOmM Tris HCl pH 7.4, lmM EDTA, 0.1 o/o 
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SDS) 1ml fractions were collected. The absorbances of all fractions were measured 
at 260nm and fractions containing poly A+ RNA combined. The poly A+ RN A 
fraction was ethanol precipitated and stored at -70°C. 
Isolation of Nuclear and Cytoplasmic RNA 
Nuclear and cytoplasmic RNA were isolated according to the procedure of 
Wilkinson (1988). Collected cells were washed twice in ice cold Tris-saline 
(25mM Tris pH 7.4, 130mM NaCl, 5mM KCl, and resuspended in 4 mls ice-cold 
Tris-saline. In order to lyse the cellular membrane, 1ml of ice-cold 1 % NP-40, 
0.5% sodium deoxycholate, 0.02% dextran sulphate was added and the tube gently 
inverted. After centrifugation at 2500g for 5min at 4°C, the supernatant, (the 
cytoplasmic fraction), was transferred to a tube containing 5mls of 
phenol:chloroform (1:1). The SDS concentration was increased to 1 % and 150 µl 
of 5M Na Cl was introduced. The extraction was vortexed thoroughly and 
centrifuged at 2500g for 10 min at room temperature. The phenol:chloroform 
extraction was repeated three times, followed by a chloroform extraction and an 
ether extraction. Finally the cytoplasmic RNA was precipitated with lOmls of 
absolute ethanol at -70°C. 
The pellet of nuclei was resuspended in 1ml of guanidinium lysis buffer (4M 
guanidinium isothiocyanate, IM B-mercaptoethanol.,. 25mM sodium acetate pH 5.2) 
and vortexed for 15 sec to lyse ·the nuclei. The lysate was layered over 5.7M 
cesiu_m chloride/2mM EDTA in an ultracentrifuge tube at a volume ratio of 1.5: 1 
(lysate:CsCl). The gradient was centrifuged at 150,000g for 16 hrs at 20°C. The 
RNA pellet was resuspended in 400µ1 water and extracted twice with an equal 
volume of chloroform: 1-butanol ( 4: 1). To precipitate the nuclear RNA, 50µ1 of 3M 
sodium acetate pH 5.2 and 1ml of absolute ethanol was added, and the sample 
stored at -70°C. 
Northern analysis 
Northern analysis was performed as described by Ceredig et al. (1989). Aliquots 
of 20 µg total cytoplasmic RNA, or 5µg poly A+ RNA were ethanol precipitated 
and resuspended in 3.7µ1 water. 3µ1 of RNA Ladder (Pharmacia) was also 
included to be processed. Deionised glyoxal was added to a final concentration of 
IM. The final buffer also contained 50% (v/v) deionised dimethyl sulfoxide 
(DMSO) and lOmM sodium phosphate pH 6.7 in a total volume of 16µ1 (Maniatis 
et al., 1982). The mixture was incubated at 50°C for 60min, before the addition of 
4µ1 loading buffer (50% glycerol, 0.01M sodium phosphate pH 6. 7, 0.4% 
bromophenol blue). The samples were electrophoresed in 1 % agarose 0.01 % 
sodium phosphate at 3-4V/cm. The electrophoresis buffer was circulated to 
maintain a constant pH. The RNA within the gels was stained by 30µg/ml acridine 
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orange in 1 OmM sodium phosphate for 1 Omin followed by destaining in 1 OmM 
sodium phosphate at 4°C overnight and photographed under UV light using 
Polaroid 57 film, to ensure equal loading of RNA (McMaster and Carmichael 
1977). Alternatively the RNA was transferred from the gel, without prior 
treatment, to a prewet nylon membrane (Zeta Probe) in lOmM NaOH, as described 
by Vrati et al. (1987). After transfer for 16hrs, the membrane was rinsed in 2XSSC 
and air dried before prehybridisation. 
Northern prehybridization and hybridization. 
Prehybridization and hybridisation to Zeta-Probe membranes were essentially 
performed as described in the manufacturers instruction manual. Briefly, the 
membranes were prehybridized at 50°C for 4hrs in 2ml/10cm2 50% (v/v) deionized 
formamide, 2XSSPE, 7% (w/v) SDS, 0.5% (w/v) BLOTIO, 0.25mg/ml yeast 
tRNA and 0.25 mg/ml sheared salmon sperm DNA. Membranes were hybridised 
at 50°C for 16 hrs in lml/10cm2 50% (v/v) deionized formamide, 2XSSPE, 1 % 
(w/v) SDS, 0.5% (w/v) BLOTIO, 0.25mg/ml yeast tRNA, 0.25 mg/ml sheared 
salmon sperm DNA, lOng/ml 32P-labelled DNA probe (specific activity 2xl08-
1 xl 09cpm/µg) and 10% (w/v) dextran sulfate (Wahl et al., 1979). In order to 
remove nonspecific hybridization, the membranes were washed with vigorous 
agitation in 2XSSC ,0.1 % SDS for 20 min RT, followed by 0.5XSSC, 1 % SDS at 
65°C for 15-60min, until radioactivity detected by a hand held geiger counter was 
between 10 and 2 cps. The membranes were sealed within plastic bags and exposed 
to Kodak XAR-5 film with intensifying screens at -70°C for 1-7 days. To reprobe 
the membranes, the [membranes t- were stripped of probe by immersion in 
O.lXSSC, 1 %SDS at 100°C and agitation for 1 hr at RT. To quantitate RNA levels 
the membranes were reprobed with a.-tubulin, the expression of which is 
unaffected by the expression of the ElA region of adenovirus (Roberts et al. 1985). 
To compare RNA levels the autoradigraphs were scanned using a LKB UltraScan 
XL densitometer. 
2.2.5 Rescreening the subtracted library 
Synthesis of cDNAfrom mRNA as a probe 
It was necessary to rescreen cDNA clones isolated from a subtractive library (as 
described in Appendix 1) to confirm that the clones were induced by adenovirus 
infection. Radiolabelled cDNA was synthesised using poly A+ RNA isolated from 
cells uninfected, or infected with adenovirus WT or dl 312 as a template, to probe 
plasmid DNA immobilised on nylon membranes. 2.5µg of poly A+ RNA was 
ethanol precipitated and resuspended in 12µ1 water, to which was added 2.5µ1 
oligo (dT), 0.2mg/ml. The template RNA was denatured by heating the mixture at 
80°C for 90secs, before chilling in ice-water. To the denatured template/primer mix 
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was added 3µ1 reaction buffer (50mM Tris-HCl pH8.3, 20mM DTT, 7.5mM 
MgAcetate, O. lmM each of dA TP, dGTP, dTTP and 0.02mM dCTP), lµg BSA 
and 20µCi a-32p dCTP. The reaction was mixed before, and after the addition of 
3units of AMY reverse transcriptase. The reaction was incubated at 42°C for 60min 
and quenched by the addition of EDTA to 0.02M and Sarcosyl to 0.4%. A small 
aliquot was subject to thin layer chromotography to judge success of the reaction. 
The cDNA (specific activity 2-5x105cpm/µg original RNA) was precipitated by the 
addition of ammonium acetate to 2M and 2 vols of ethanol, followed by freezing in 
liquid nitrogen and centrifugation at 14,000rpm (Eppendorf) for 15min at 4°C. The 
pellet was resuspended in the carrier DNA solution used for hybridisation of 
plasmid-bound membranes. 
Preparation of plasmid bound membranes for rescreening 
Plasmid-immobilised membranes were prepared by infecting each well of a 96 well 
plate (Linco) with a monoclonal colony of bacteria containing the cDNA insert and 
plasmid in the presence of ampicillin (amp). The colonies were left at 37°C for 
16hrs and were subsequently transferred, using a "bed of nails", to Hybond nylon 
membranes which were prelayered on amp-plates. The colonies were allowed to 
regenerate on the membrane at 37°C for approximately 6hrs, before processing of 
the membranes to expose plasmid DNA for screening. The membranes were laid 
on Whatman 3MM paper saturated with 0.5M N aOH, 1.5M Na Cl for 5min, 
Whatman 3MM saturated with 0.5M Tris pH 7 .5, 1.5M Na Cl for 5 min, and 
Whatman 3MM saturated with 2XSSPE for 5 min, consecutively, before fixation 
by baking in vacuo for 90min at 80°C. Membranes were prehybridised at 68°C for 
4hrs in 5XSSPE, 0.2% SDS, 0.2% BLOTTO, 0.2mg/ml sheared salmon sperm 
DNA. The hybridisation mix was essentially the same, with the addition of 
radiolabelled cDNA. Membranes were hybridised for 16hrs at 68°C. Removal of 
non-specific hybridisation was achieved by washing the membranes in 2XSSC, 
0.1 % SDS for 15 min followed by 15 min washes in 0.5XSSC, 0.1 % SDS and 
O.lXSSC, 0.1 % SDS at RT. The membranes were sealed within plastic bags and 
exposed to Kodak XAR-5 film with intensifying screens at -70°C for 1-2 days. 
2.2.6. Genomic DNA analysis 
Analysis of specific DNA sequences directly from whole cells 
A modification of the method described by McIntyre and Stark (1988) was used to 
assay for specific DNA sequences from whole cell lysates. lx105 cells were 
infected with 25iu of virus per cell for 24hrs. Cells were harvested by 
trypsinization and washed with PBS. The cell pellet was resuspended in 250µ1 of 
0.4M NaOH and heated at 80°C for lOmin. Cellular debris was pelleted by 
centrifugation at 14,000rpm (Eppendorl) for 5min and 100µ1 of the supernatant 
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was applied to a Zeta Probe membrane. The membrane was prewetted in 0.4M 
N aOH and immobilised in a slot blot manifold (Schleicher & Schuell), before 
application of the samples. After the solutions passed through the membrane, each 
well was rinsed with 100µ1 0.4M NaOH. Upon completion, the membrane was . 
rinsed twice with-2XSSC for 5 min and allowed to dry for at least one hour at RT, 
before prehybridisation and hybridisation as described in 2.6.iv. 
Isolation of Genomic DNA 
To examine gene size and obtain preliminary information about gene structure, the 
isolation of genomic DNA of high molecular weight, relatively free of protein 
contaminants was essential for Southern analysis. Genomic DNA was isolated 
from nuclear pellets of cells subjected to cytoplasmic RNA extraction (section 2.4) 
using standard techniques. Basically, the nuclear pellet was resuspended in 4.5mls 
of a hypotonic solution (lOmM Tris pH7.4, lOmM NaCl, lOmM EDTA), to which 
was added SDS to 1 % and 2mg of proteinase K. This mixture was incubated at 
37°C for 16hrs. Sodium perchlorate was added to a final concentration of lM in a 
total volume of 6mls and incubated at 37°C for 30 min with gentle agitation. The 
mixture was extracted with phenol:chloroform (1: 1) twice, followed by a 
chloroform extraction.At this stage, the DNA was precipitated by the addition of 
lfto volume of 3M sodium acetate and 2.5 vols. ethanol. DNA was collected by 
"spooling", washed with 70% ethanol and resuspended in 1ml water/2xl07cells, 
resulting in an approximate concentration of lmg/ml. The concentration of DNA 
was estimated by measuring absorbance of a diluted sample at 260nm. 
Isolation of viral DNA 
To isolate viral DNA, crude cell lysates, containing virus particles were digested 
with micrococcal nuclease (S7, Boeringer Mannheim), which degrades cellular 
DNA and is unable to digest encapsidated viral DNA. After inactivation of the 
nuclease, lysates were incubated with proteinase K (Boeringer Mannheim), to 
remove the viral coat proteins, phenol extracted, and the viral DNA ethanol 
precipitated. 0.9mls of virus containing lysate was digested with 150 units 
Micrococcal nuclease (reconstituted at 15units/µl in 50mM Tris pH7 .9, lOmM 
NaCl, lmM EDTA, 0.5mM DTT, 0.1 % NP-40, 50% glycerol) in 60mM KCl, 
15mM Na Cl, 20mM Tris pH7 .8 and 2mM CaCli at 25°C for 2hrs. The enzyme 
was inactivated by the addition of 50µ10.5M EGTA, before the addition of 1mg of 
proteinase Kand incubation at 37°C for 15min. The reaction was extracted with an 
equal volume of Tris pH8-saturated phenol, followed by chloroform extraction. 
DNA was precipitated by the addition of 1/10 vol. 3M sodium acetate and 2.5 vol. 
ethanol, with centrifugation at 14,000rpm (Eppendorl) for 30 min. The DNA pellet 
was resuspended in 100µ1 water and stored at 4°C. 
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Southern Analysis 
Southern transfer was initially described by Southern (1975), as a procedure to 
identify specific sequences among DNA fragments, generated by restriction enzyme 
digestion and separated according to molecular weight by submerged horizontal gel 
electrophoresis. To establish the cDNA clones as cellular, 15µg aliquots of 
genomic DNA were digested with lOOunits of EcoRl and Hindill in lXKGB 
buffer (lOOmM potassium glutamate, 25mM Tris-acetate pH7.6, lOmM 
magnesium acetate, 50µg/ml BSA, 0.5mM 2-mercaptoethanol, McClelland et al. 
1988) at 37°C for 16hrs. The digestion was arrested by the addition of l/5 
digestion volume of 5X layering solution (50mM Tris,pH8.0, lOOmM EDTA, 1 % 
sarcosyl, 7.5% ficoll 400, 0.05% bromophenol blue, 0.05% xylene cyanol) and 
electrophoresed through 0.8% agarose in TAE buffer (40mM Tris-acetate, lmM 
EDTA) containing 0.5µg/ml ethidium bromide at 7 volts/cm. After 3-4hrs, when 
the bromophenol blue was approximately 2cm from the end of the gel closest to the 
anode, electrophoresis was terminated, the gel was photographed and prepared for 
DNA transfer to a nylon membrane as described by Reed and Mann (1985). 
Briefly, the gel was gently rocked in 0.25M HCl for 2x5min, until the 
bromophenol blue became tinged slightly with yellow. The gel was then carefully 
laid on a 4cm wick of Whatman 3MM paper, presoaked in 0.4M N aOH, within a 
plastic 12x20cm lunch box. Zeta probe membrane, presoaked in distilled water, 
was layered on the gel. After the elimination of visible bubbles, Whatman 3MM 
paper was placed on top, and paper towels stacked to the level top of the plastic 
box. The lid was snapped on, providing slight pressure on the paper towels. 
Tran sf er proceeded for 5-16 hrs. After transfer the membrane was soaked in 
2XS CC and air dried. 
Southern and slot blot prehybridisation and hybridisation 
Probing DNA-containing Zeta Probe membranes with radioactive labelled DNA 
was essentially as described in the manufacturer's manual. Membranes were 
prehybridised for 4 hrs at 65°C in 0.5mls/cm2 membrane of 2XSSPE, 7% SDS, 
0.5% BLOTTO, 0.5mg/ml sheared salmon sperm DNA. Membranes were 
hybridised at 65°C for 16hrs in O.lml/cm2 membrane of 2XSSPE, 3% SDS, 0.5% 
BLOTI0,10% dextran sulphate, 0.5mg/ml sheared salmon sperm DNA, lOng/ml 
a-32p labelled DNA probe (specific activity 2xl Q8-1 x 1 o9cpm/µg). After 
hybridisation, the membranes were washed initially in 2XSCC, 0.1 % SDS at RT 
for 10 min, followed by 0.5XSSC, 1 % SDS at 65°C for 30min. If non-specific 
hybridisation still posed a problem, the filters were washed in O. lXSSC, 1 %SDS 
at 65°C for 30 min.The membranes were sealed within plastic bags and exposed to 
Kodak XAR-5 film with intensifying screens at -70°C for 1-7 days. 
2.2. 7 Construction Qf radio labeled DNA probes 
0 ligo/abelling 
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In order to generate radioactive DNA probes for hybridisation, DNA inserts were 
internally labelled with 32p by oligonucleotide priming, as described by Hodgson 
and Fisk (1987). lOOng of template DNA was combined with 60ng P28 universal 
primers (supplied by the Medical Molecular Biology Unit, John Curtin School of 
Medical Research) in a total volume of 4µ1. The mixture was sealed in a siliconized 
glass capillary and placed in a boiling water bath for 2min, followed by immersion 
in ice. The mixture was released into an eppendorf containing 7µ1 water, to which 
was added 2µ1 of lOX oligolabelling buffer (0.5M Tris pH6.9, O. lM magnesium 
sulfate, lmM dithiothreitol, 0.6mM each of dA TP, dGTP, dTTP), 140µCi a32p_ 
dCTP and 10 units of Klenow fragment of DNA polymerase (Bresatec Aust.) to a 
volume of 20µ1. After incubation at 25°C for 60min, the reaction was terminated 
by the addition of 80µ1 0.1 %SDS in TE. 1 % of the reaction was subject to thin 
layer chromatography. lOOµg of sheared salmon sperm DNA was added to the 
remaining fraction before ethanol preciptation by the addition of 1/10 vol of 1 OM 
ammonium acetate and 2.5vols ethanol. After centrifugation for 15min at 4°C, the 
precipitate was resuspended in 10µ1 water, and boiled in the presence of 2.5mg 
sheared salmon sperm DNA. Immediately after boiling the probe was added to the 
hybridization mixture and added to the prehybridised, bagged membrane. 
Nick translation 
Previous to the use of random priming as a means of radiolabelling DNA, DNA 
was radiolabelled by nick translation by a modification of the technique described 
by Rigby et al. (1977). A typical reaction mix contained 200ng DNA, 50mM Tris-
HCl pH7.5, 7.7mM magnesium acetate, 4mM DTI, 3µg BSA and 2.5ng DNase I 
in a volume of 30µ1. This mix was incubated at 14°C for 15min. To repair nicks 
introduced in the initial incubation, 0.0025mM each dATP, dTIP and dGTP, 
20µCi a-32p dCTP and 5 units DNA polymerase 1 (Klenow fragment, Bresatec 
Aust) were added in a final volume of 41µ1 and incubated at 14°C for 15min. The 
reaction was terminated by the addition of 12mM EDTA and 0.5% SDS. 0.1 % of 
the product was subject to thin layer chromatography. To recover radiolabelled 
DNA, lOµg of sheared salmon sperm DNA was added and the DNA precipitated 
by the addition of 1 Oµl of 1 OM ammonium acetate and 2.5vol ethanol. After 
freezing in liquid nitrogen, the DNA was pelleted by centrifugation at 14,000rpm 
(Eppendorf) at 4 °C for 15min. The pellet was resuspended in 20µ1 water, the 
appropriate amount of sheared salmon sperm was added and boiled for 5min before 
addition to hybridisation mix. 
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Thin layer chromatography 
Thin layer chromatography was utilised to assay for incorporation of radio label in 
DNA. An aliquot of radiolabelled DNA was spotted on one end of a strip of PEI-
cellulose (Merck). The strip was placed in a beaker containing a small amount of 
chromatography solvent (0.75M potassium phosphate, pH3.5), ensuring that the 
spot of DNA was above the miniscus of the solvent. The beaker was sealed with 
plastic film, and the chromatogram allowed to develop until the solvent front was 
1cm from the top of the strip. The strip was dried, wrapped in plastic wrap and 
exposed to x-ray film for 30min. Incorporated label remained at the origin, while 
unincorporated label migrated closely behind the solvent front. By scraping PEI 
from areas of radioactivity into scintillation vials for Cherenkov or liquid 
scintillation counting, the level of incorporation and specific activity was 
quantitated 
2.2.8. Plasmid and cDNA insert oreparation 
Transformation of plasmid into bacteria 
To obtain DNA from the cDNA insert in sufficient amounts to be used as probes 
and in nuclear run on experiments, it was necessary to amplify the cDNA 
containing plasmid and isolate the insert through low melting point agarose. 
Initially, the plasmid of interest was transformed into competent E.coli strain . 
MC1061.1 (amps tetR). Amplification of plasmid DNA was essentially as 
described by Birnboim and Doly (1979), with modifications as suggested by Ish-
Horowicz and Burke (1981). 
Bacterial cells were made competent by a modification of the procedure described 
by Maniatis et al. (1982). Basically, 500mls of Luria broth (LB) was\ inoculated . 
with a single colony of MC1061.l. Growth, at 37°C with shaking, was monitored 
until the absorbance of the culture reached 0.6 to 0.8 at 600nm, indicative of 
maximum density of cells while still in a logarithmic phase of growth. The culture 
was chilled at 0°C for lOmin and centrifuged at 8,000g for lOmin at 4°C. After 
removal of the supernatant, the cells were resuspended in 50mls ice-cold O. lM 
CaCI2 and incubated at 0°C for 20min. Cells were harvested by centrifugation at 
8,000g for 5min, resuspended in 5mls ice-cold O. lM CaCI2:glycerol (85: 15) and 
aliquoted into prechilled eppendorf tubes (100µ1/vial) before freezing in liquid 
nitrogen and storage at -70°C. Transformation by plasmid was accomplished by 
the following technique. An aliquot of competent cells was thawed in ice water for 
10mins before the addition of 1.8mls ice-cold O.lM CaCI2. 100µ1 aliquots were 
transfered to chilled eppendorfs and 1µ1 of plasmid DNA (ranging in concentration 
from 0.5ng/µl to lOOng/µl), or 5µ1 ligation mix, was added. After mixing gently, 
the cells were incubated at 0°C for 30min, heat shocked at 43°C for 45secs and 
returned to ice-water, before the addition of 1.4mls of LB and incubation at 37°C 
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for 1hr. The cells were pelleted by centrifugation at 1,500g for 2 mins and 
resuspended in 300µ1 LB. Dilutions were spread onto LB agar plates containing 
40µg Amp/ml LB (amp-plates). All plates were incubated overnight at 37°C. 
Competent cells made by this procedure produced between 5xl06 to lxl08 
transformants per µg plasmid DNA. 
Plasmid DNA preparation 
Before amplification of the plasmid it was necessary to determine whether newly 
transformed colonies contained the insert-containing plasmid. Small amounts of 
the plasmid were made by initially growing a single colony in 5mls of LB+Amp, 
and exposing the cells to alkaline lysis, a scaled down version of the technique 
described below (phenol extraction and ethanol precipitation instead of cesium 
chloride gradients). After confirming that the plasmid contained the appropriate 
insert, by digestion with appropriate restriction enzymes, large amounts of plasmid 
were produced through alkaline lysis (Birnboim and Doly 1979, Ish-Horowicz and 
Burke, 1981). 
A single colony of bacteria was initially1 inoculated into 10 mls LB+40µg/ml amp, 
and grown at 37°C for 8hrs. This slurry of bacteria was inoculated into 500mls 
LB+40µg/ml amp and incubated at 37°C overnight, with agitation. The cells were 
collected by centrifugation at 5,500rpm for 8min (GSA rotor,Sorvall RC5B ), 
resuspended in 5ml/250ml LB lysozyme solution (50mM glucos_e, 25mM Tris pH 
8.0, lOmM EDTA and 8mg/m1 lysozyme).and incubated at RT for 5min. The 
lysed bacteria were transferred to a Beckman SW27 polyallomer tube in 5ml 
aliquots, to which 20mls 0.2M N aOH, 1 % SDS was added, inverted and incubated 
at 0°C for lOmin. To neutralise the mixture, 15mls of ice-cold 5M potassium 
acetate pH4.8 was added and placed on ice for lOmin. Cellular debris was pelleted 
by centrifugation at 20,000rpm for 20min at 4°C in a Beckman SW27 rotor. DNA 
within the supernatant was precipitated by the addition of 0.6vol isopropanol, 
incubation at RT for 15min and centrifugation at 10,000rpm for 30min in 35ml 
corex tubes in a Beckman SW27 rotor. The pellet was washed in 70% ethanol, 
before resuspension in 8mls TE pH 8.0. To achieve a density of 1.55gm/ml, 8gms 
of cesium chloride was dissolved in the DNA mixture. Ethidium bromide was 
added to a final concentration of 0. 7 5mg/ml, and the plasmid preparation was 
transferred to (5 /s" X3 ") quick seal Beckman tubes, sealed and centrifuged at 
40,000rpm at 20°C for 60hrs in a 50Ti rotor. After centrifugation, the plasmid 
banded midway between the protein debris at the top of the tube, and the RNA 
pellet at the bottom of the tube. The band was collected and extracted with TE-
saturated isopropanol until all ethidium bromide was removed from the band. The 
plasmid solution was dialysed against TE pH8.0 for 16hrs. After dialysis the 
5 4 
concentration of plasmid was calculated from measuring optical density at 260nm. 
and stored at 4 °C. 
Isolation of DNAfrom low melting point agarose 
cDNA inserts were isolated from plasmids before use as probes, by digestion with 
an appropriate restriction enzyme, separation by electrophoresis through agarose, 
and purification from low melting point agarose. Approximately 150µg plasmid 
DNA was digested for 16 hrs with lOOunits of specific enzyme in lXKGB to 
cleave out the insert from the plasmid. The digestion was terminated by the addition 
of 1/5 vol 5X stop buffer before heating at 65°C for 5min. The mix was then 
loaded on a 1 % low melting point horizontal agarose gel and electrophoresed at 4 
volts/cm in T AE until the bromophenol blue dye migrated two thirds the length of 
the gel. The gel was then stained with 0.5µg/ml ethidium bromide and the 
fragment of interest excised under UV. The gel slice was equilibrated with 1ml of 
NAS (0.25M NaCl, 0.24M sodium acetate and 0.5% SDS) for 5min. NAS was 
removed and the gel melted at 65°C for 5 min. An equal volume of N AS was 
added and allowed to stand at 65°C for 15 mins. The molten gel was extracted with 
freshly prepared phenol (saturated with lM Tris-HCl pH8.0), at 65°C for 2min 
before centrifugation at 8,000g for 5min at 4°C. DNA was precipitated from the 
aqueous phase by the addition of 1 /20 vol of 3M sodium acetate and 2.5 vol 
ethanol, incubation at -20°C for 30min and centrifugation at 8,000g for 30min at 
4 °C. The precipitate was resuspended in 50µ1 water before another ethanol 
precipitation to reduce the high sodium salt concentration. Ammonium acetate was 
added to 3.75M and 2.5 vol ethanol was added. The sample was centrifuged for 
30min at 8,000g at 4°C. The pellet was resuspended in 50µ1 water, and DNA 
concentration estimated by electrophoresis through agarose with a DNA standard of 
known concentration. 
2.2.9.Sequencin~ cDNA inserts 
Subcloning cDNA inserts into pGEM 1 
To identify cDNA inserts as previously described or unknown genes, it was 
necessary to sequence the clones. To exploit an established sequencing regime, the 
cDNA inserts were subcloned into pGEMl (Promega Biotec.). Initially, lµg of 
plasmid was linearised by a restriction enzyme and dephosphorylated to minimise 
self ligation. The plasmid was digested with a 20 fold excess of Pst 1 restriction 
enzyme for 2 hrs at 37°C, in the presence of a medium salt buffer (50mM Na Cl, 
lOmM Tris-HCl pH7.5, lOmM MgC!i, lmM DTI, O.lmg/ml BSA) in a final 
volume of 21µ1. The plasmid was dephosphorylated by the addition of lunit 
alkaline phosphatase (calf intestine) with 0.5µ120% SDS and 3.5µ1 lM Tris-HCl 
pH 9 .0, followed by consecutive incubation at 37°C for 30min and 50°C for 30min. 
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To terminate the reaction, EDTA was added to a final concentration of 16mM. The 
sample was extracted with an equal volume of phenol equilibrated with lOXTAE 
and chloroform. DNA was precipitated by the addition of 7µ1 1 OM ammonium 
acetate and 70µ1 ethanol, freezing in liquid nitrogen and centrifugation at 
14,000rpm (Eppendorl) for 15min at 4°C. The pellet was redissolved in 20µ1 
water, yielding approximately 50µg/ml linearised dephosphorylated plasmid. 
cDNA inserts were successfully ligated into pGEM when 13ng of insert was 
ligated to 150ng linearised plasmid ( a molar ratio of 1:3), using lunit T4 ligase in 
the presence of 50mM Tris-HCl pH 7.5, lOmM MgCh, 0.5mglml BSA, 5mM 
DTI, lm.M spermidine, lm.M ATP for 16 hrs at 17°C. Transformation proceeded 
and plasmids of interest were isolated, verified and amplified as described in 2.2.8. 
Sequencing pGEM plasmids 
The pGEM vector contains both the T7 and SP6 RNA polymerase promoters, 
flanking a multiple cloning site, containing 11 unique restriction enzyme sites. 
Plasmids were sequenced according to the manufacturers instructions, using the 
GemSeq KIRT system (Promega Biotec.). Basically, 2µg plasmid DNA, in a total 
volume of 22µ1, was alkali denatured by incubation for 5min at RT in 0.2M NaOH, 
0.2mM EDTA. The solution was neutralized by the addition of 3µ1 sodium acetate 
pH5.2, the volume increased by the addition of 7µ1 water, and the DNA 
precipitated by the addition of 75µ1 ethanol, chilling at -70°C for 5min and 
centrifugation at 10,000g for 5min. The pellet was resuspended in 6µ1 water, to 
which was added 1µ1 of lOXbuffer (lOOmM Tris-HCl pH7.5, 500mM NaCl) and 
3µ1 of lOng/µl of either the T7 promoter primer or the SP6 promoter primer. The 
plasmid and primer were annealed at 37°C for 60mins. In preparation for the 
sequencing reactions, 3µ1 of the appropriate nucleotide mix, supplemented with a 
limited amount of a different dideoxy NTP, was placed into four tubes labelled 
A,T,C,G for each set of reactions. 5units of Klenow DNA polymerase were 
included in the annealing reaction, and mixed gently with the addition of 4µ1 a-32p 
dA TP (lOmCi/ml). 2.8µ1 of annealing mix was added to each nucleotide solution, 
mixed gently and incubated at 37°C for 15mins. The nascent DNA chains were 
further extended by the addition of 1µ1 chase solution (0.125mM each of dATP, 
dCTP, dGTP, and dTIP), and incubation at 37°C for 15min, ensuring that the 
chains where no dideoxynucleotide was incorporated were polymerised to a high 
molecular weight.. The reactions were terminated by the addition of 5µ1 stop 
buffer (90% formamide, 20mM EDTA, 0.3% bromophenol blue, 0.3% xylene 
cyanol) and electrophoresed as described below. 
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pUC sequencing 
A number of plasmid inserts were sequenced, without subcloning into pGEM by 
the method described in the manual in the pUC Sequencing Kit (Boehringer 
mannheim) 2µg plasmid DNA was denatured in 40µ10.2M NaOH, 0.2mM EDTA 
as described above. 4µ1 2M ammonium acetate pH4.5 was added and the plasmid 
precipitated by the addition of 100µ1 chilled ethanol and centrifugation at 10,000g 
for 20min at 4°C. To the dried DNA pellet was added 2.5pmol M13/pUC 
sequencing primer or M13/pUC reverse sequencing primer, 1.5µ1 lOX Reaction 
Buffer (lOOmM Tris-HCl pH7.5, 500mM NaCl) and lOµCi a-32p dATP to a total 
volume of 15µ1. The annealing mixture was incubated at 37°C for 15min. 2µ1 of 
each corresponding dNTP/dideoxyNTP mixture was pipetted into four Eppendorf 
tubes labelled A,T,G and C. To the annealing reaction was added 2 units of 
Klenow enzyme. After mixing by repeated suction with the pipette tip, 3µ1 of 
annealing mix was added to each of the labelled eppendorf tubes. The eppendorf 
tubes were placed at 37°C for 15min, after which time 1.5µ1 of chase solution was 
added and further incubated at 37°C for 15min. The reaction was terminated by the 
addition of 4µ1 90% formamide, 20mM EDTA, 0.3% bromophenol blue, 0.3% 
xylene cyanol. The samples were electrophoresed as described below. 
Polyacrylamide gel electrophoresis 
The sequence samples were electrophoresed through a 8% lpolyacrylamide t 
210x400x0.4mm vertical gel using a Sequi-Gen Nucleic Acid Sequencing Cell 
(Biorad). The gel was assembled and cast according to the manufacturer's 
instructions. The gel was pre-electrophoresed and preheated to 55°C, before 
addition of samples. The samples were denatured by heating at 80°C for 3mins 
before loading 2.5 µl on to the gel. In order to minimise secondary structure, the 
samples were electrophoresed at 2,000 volts, to maintain temperature of the gel at 
55°C. On completion of electrophoresis, the acrylamide gel was transferred to 
Whatmann 3MM and dried under vacuum at 80°C for 1 hr, before exposure to 
Kodak XAR-5 film with intensifying screens at RT for 1-3 days. 
Computer programs used to analyse sequence 
Sequence identity was investigated using a \Vilbur-Lipman database search 
program, accessed through the Sequence programs available through the computer 
center at the Research School of Biological Sciences. The program compares a 
given sequence with all sequences in the databank using the algorithm of Wilbur 
and Lipman. The sequences are compared by alignment of sections of sequence. 
The highest alignment of base matches corresponds to the highest possible score, 
which is converted to a normalised score, providing an empirical guide for 
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evaluating the significance of similarity between the query and database sequences, 
(Wilbur and Lipman 1983). 
Chapter 3 
Characterisation of El A-induced clones 
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Introduction 
Differential screening of a subtractive cDNA library was used as a means of identifying 
cellular genes, induced during adenovirus infection. Results presented in this chapter 
show that a subset of cDNA inserts were isolated that were induced as a consequence 
of ElA expression during adenovirus infection. These clones were sequenced and 
have high sequence similarity to adeno-associated virus, the significance of which is 
discussed in chapter 4. 
Differential screening of a subtracted library. 
In order to isolate unknown cellular genes, influenced by the ElA region of adenovirus 
during infection, a subtractive cDNA library was constructed as described in Appendix 
1. Cells were arrested in the G 1 phase of the cell cycle by confluence before infection. 
cDNA was synthesized from poly A+ RNA isolated from rat embryo fibroblasts 40 hrs 
post infection with WT adenovirus and hybridised to poly A+ RNA isolated from cells 
infected with the ElA negative mutant ell 312, and adenoviral DNA . Single-stranded 
cDNA, presumably comprising of unique cellular sequences induced by ElA, was 
isolated by passage of the hybridisation mix through hydroxylapatite and cloned into 
the Pst 1 site of the pUC 9 plasmid. The resulting subtractive cDNA library, enriched 
for cellular sequences induced by ElA, comprised 22,000 clones. 
Screening of the cDNA clones was necessary to eliminate any sequences viral in 
origin, or common to both of the original populations. Two different strategies were 
employed to identify ElA induced cellular sequences from the library. Approximately 
11,000 clones were grown on nitrocellulose filters and processed as described in 
Appendix 1. Duplicate filters were probed with radiolabelled cDNA synthesized from 
mRNA of WT-infected cells (the ElA positive probe) or ell 312-infected cells (the ElA 
negative probe). Alternatively, duplicate filters of clones were probed with 
radiolabelled subtracted cDNA. The positive subtracted cDNA was synthesized from 
mRNA of WT-infected cells, hybridised to mRNA from ell 312 infected cells and 
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passaged through a hydroxylapatite column before use in filter hybridisation. The 
negative subtracted cDNA was synthesized from mRNA of dl 312-infected cells, 
hybridised to mRNA from WT- infected cells and eluted through a hydroxylapatite 
column before use in filter hybridisations. 
The first screen of 11,000 clones with the ElA positive and ElA negative probes 
resulted in 612 clones hybridising strongly with the ElA positive probe and weakly or 
undetectably to the ElA negative probe. Out of 612 clones screened as positive, after 
the second round of screening, 250 clones were identified as strongly positive. 149 of 
these clones exhibiting no hybridisation to the negative probe and were stored at -70°C, 
while the remaining 101 clones weakly hybridised to the negative probe, and were 
subject to a third differential screen. After the final screen, 77 clones from 101 were 
deemed positively induced by ElA (demonstrated in fig.3.la). These were screened 
with viral DNA to eliminate viral sequences and screened with the thymidine kinase 
gene, as thymidine kinase induction peaks at 36hrs after infection (Cheetham and 
Bellett 1982), and is ElA dependent (Braithwaite et al. 1983). No clones showed .. 
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homology to adenovirus DNA or the thymidine kinase gene. The 77 clones were 
stored at -70°C. 
A further 1,000 colonies from the subtracted library were screened using the subtracted 
cDNA probes. After the first screening, 144 clones were picked to be screened again. 
After screening the 144 clones with subtracted ElA-positive and ElA-negative probes, 
18 clones hybridised to the subtracted positive probe and not to the negative probe, as 
shown in fig 3.1 b. These clones showed no homology to adenoviral DNA nor the 
thymidine kinase gene when screened with the viral and cellular probe, and this chapter 
is devoted to the characterisation of these clones, as described below. 
Thus a total of 244 clones were selected that appeared to represent putative cellular 
genes induced by ElA. These clones represented approximately 22% of the subtracted 
library. 
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Figure 3.1.a 77 clones identified from 101 clones by differential screening 
5 
10 
Duplicate filters were probed with radiolabelled cDNA synthesised from mRNA of 
WT-infected cells (the ElA+ probe), or from mRNA of dl 312-infected cells (the 
ElA- probe). After the third screening, 77 clones from 101 clones, hybridised 
uniquely to the El A+ probe and not the El A- probe. 
ElA+ A 
subtracted 
probe 
ElA- A 
subtracted 
probe 
viral A 
(WT) 
probe 
1 
. . 
. . 
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Figure 3.1.b. 18 clones identified from 144 clones after two rounds of 
differential screening, using subtractive cDNA probes. 
Duplicate filters of clones were probed with radiolabelled subtracted 
cDNA. The ElA+ subtracted cDNA probe was synthesised from mRNA 
of WT-infected cells, hybridised to mRNA from dl 312 infected cells and 
passaged through a hydroxylapatite column before use in filter 
hybridisation. The ElA- subtracted cDNA probe was synthesised from 
mRNA of dl 312-infected cells, hybridised to mRNA from WT- infected 
cells and eluted through a hydroxylapatite column before use in filter 
hybridisations. 
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Characterisation of cellular sequences isolated by differential screening. 
Initially the eighteen clones identified through two rounds of screening with subtracted 
probes (fig 3.1.b), were characterised through Northern analysis, Southern analysis 
and sequencing. The inserts of cDNAs within the plasmids ranged in size from 1.0kb 
to 0.13kb as shown in table 3 .1. In order to identify duplications of insert, the clones 
were digested with Pstl (to excise the inserts), electrophoresed, transferred to nylon 
membranes according to the method of Reed and Mann ( 1985), and hybridised with 
individual nick translated clones as explained in section 2.2.6., 2.2.7. Three clones 
from ten clones used as probes, showed sequence similarity. Clone 4 hybridised to the 
insert of clone 5 and clone 3, as shown in figure 3.2. Clones 1, 2, 6, 7, 8, 9 and 10 
showed no cross hybridisation. This suggests that 7 clones out of 10 are unique and 
may potentially be different cellular sequences induced by the expression of E lA, 
although if the cDNA inserts are not full length, which is suggested from the small 
sizes of inserts, the clones could represent different areas of the same mRNA species. 
To investigate whether the clones were induced by ElA during adenovirus infection, 
Northern analysis was utilised. Poly A+ RNA was isolated from WT-infected cells and 
dl 312 infected cells, glyoxylated and electrophoresed through agarose before transfer 
to nylon membranes, as described in 2.2.4. The time at which ElA transcription 
products were detectable was estimated by probing RNA, isolated from infected cells at 
different times after infection, with ElA. As shown in fig 3.3, at 25 infectious units 
per cell, ElA transcription was evident from 12-15hrs post infection and increased to a 
plateau at 30-40hrs pi. When 18 clones were used to probe poly A+ RNA, isolated 
from WT infected cells and dl 312 infected cells 40 hrs after infection, 12 clones did 
not hybridise detectably to either RNA population, suggesting that the 12 clones were 
either not induced, or weakly induced beyond the sensitivity of Northern analysis 
(demonstrated in fig. 3.4). The remaining 6 clones hybridised strongly to discrete 
Figure 3.2 Examples of cross hybridisation 
A) Clones were digested with Pst l (to excise the inserts), 
electrophoresed, transferred to ny Ion membranes and hybridised 
with individual nick translated probes. Three clones from ten 
clones used as probes, showed sequence similarity. B) Clone 4 
hybridised to the inserts of clone 5 and clone 3. C) Clone 5 
hybridised to the inserts of clone 4 and clone 3. D) Clones 1, 2, 6, 
7, 8, 9 and 10 showed no cross hybridisation. A typical example 
is clone 7. 
Figure 3.2. Cross hybridisation studies 
A. Ethidium Bromide stain of Pstl digested clones 
Clones 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 18 
plasmid 
inserts 
B. Pstl digested clones probed with clone 4 
Clones 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 18 
plasmid 
insert ... 
C. Pstl digested clones probed with clone 5 
Clones 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 18 
plasmid 
insert -+ 
D. Pstl digested clones probed with clone 7 
Clones 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 18 
plasmid 
insert -+ 
A 
un F17 XHO di 
B 
0 8 10 12 15 20 30 40 hrs 
Figure 3.3 ElA transcription during adenovirus infection of 
semipermisive cells 
The time at which ElA transcription products were detectable was 
estimated by probing RNA, isolated from infected REFs at different times 
after infection, with E lA. 
A. 5µg poly A+ RNA isolated from uninfected (un) cells, Ad-transformed 
cell lines F17 and XHO-BRK, and dl 312 infected (dl) cells. 
B. 20µg total cytoplasmic RNA isolated from cells infected with WT at 
various times aftr infection. ElA transcription was evident from 12-15hrs 
post infection at 25 infectious units per cell. 
Clone 2 
WT dl 
Clone 16 
WT dl 
Clone 6 
WT dl 
Clone 17 
WT dl 
Clone 13 
WT dl 
Clone 18 
WT dl 
Figure 3.4 Examples of cDNA clones weakly induced by ElA. 
18 clones were used to probe 5µg poly A+ RNA, isolated from WT (WT) 
infected cells and dl 312 (dl) infected cells, 40 hrs after infection. 12 clones 
did not hybridise differentially to either RNA population, suggesting that the 
12 clones were not induced, or weakly induced beyond the sensitivity of 
Northern analysis. 
To ensure equal RNA loading, an RNA gel was stained with acridine orange 
and some membranes that were probed with the uninduced clones, were 
reprobed with induced clones 
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RNA species from WT infected cells and not to ell 312 infected cells, as shown in table 
3.2 and figure 3.5. This result implies that 6 of 18 clones are positively influenced by 
ElA, during adenovirus infection, while 12 of 18 clones are not induced by ElA or 
alternatively are in sufficiently low abundance to be undetectable by Northern analysis. 
Table 3.1. Sizes of inserts of 18 BIA-induced clones isolated by 
differential screening of a subtracted library using subtracted probes. 
Clone number Size of insert (Kb) 
1 0.540 
2 0.330,0.230 
3 0.320 
4 0.450, 0.240 
5 0.475, 0.240 
~ 0.0 
7 0.470 
8 0.500 
9 0.565 
10 0.135 
11 0.180 
12 0.130 
13 0.925 
14A 0.0 
15 0.498 
16 0.670 
17A 0.0 
18 0.940 
Sizes of inserts were estimated using a fragment length analysis system 
computer program, adapted from Duggelby et al. (1981) 
A-Clones with undetectable inserts (<lOObp) were discarded 
Clone 1 
WT dl 
Clone 5 
WT dl 
Clone 3 
WT dl 
Clone 8 
WT dl 
Clone 4 
WT dl 
Clone 9 
WT dl 
Figure 3.5 Examples of cDNA clones strongly induced by El A. 
18 clones were used to probe 5µg poly A+ RNA, isolated from WT (WT) 
infected cells and dl 312 (dl) infected cells, 40 hrs after infection. 6 clones 
hybridised strongly to discrete RNA species from WT infected cells and not 
to RNA from dl 312 infected cells. 
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Table 3.2 Size of mRNA species complementary to 6 clones induced by ElA 
Clone RNA (kb) 
1 4.8, 3.6, 3.3, 2.6, 2.3 
3 5, 3.6, 3.3, 2.6, 2.3 
4 5, 3.9, 3.6, 2.6, 2.3 
5 5, 4.2, 3.6, 3.3, 2.6 
8 4.2, 3.6, 3.3, 2.6, 2.3 
9 3.9, 3.6, 3.3, 2.6, 2.3 
Identification of cDNA inserts by sequence analysis 
To establish the identity of the cDNA inserts as known or previously undescribed 
cellular genes, it was necessary to sequence the inserts and compare sequences to 
established data banks. The cDNA inserts were subcloned into pGEMl for plasmid 
sequencing. Inserts were excised from pUC 9 by Pst 1 digestion, isolated from low 
melting point agarose and religated into the Pstl site of pGEMl, (section 2.2.8, 2.2.9). 
The plasmids were sequenced according to the GemSeq KIRT system (Promega) as 
described in 2.2.10. Partial sequences are shown in fig 3.6a and 3.6b. Sequence 
identity was investigated using a Wilbur-Lipman database search program, as described 
in section 2.2.9. Five random sequences of 100 nucleotides length, comprising 20% 
adenosine, 20% thymine, 30% cytosine and 30% guanine were generated and 
compared to the databank, using the Wilbur Lipman algorithm to establish an arbitrary 
score to use as a guide for evaluating alignment significance. Sequence similarity 
which resulted in a score of <25 was considered to be of no significance. 
Sequence analysis of poorly induced clones 
Initially a number of poorly induced clones, from the 18 subtracted clones under 
investigation, were sequenced and identified. Of the four poorly induced clones that 
Figure 3.6a Partial sequences of weakly induced clones 
Sequence of clone 2, 330bp fragment 
50 
TCTTGCATTC AATTGACGCA TCCGCGCTTC AAACTGACCA CGCATTGCCG 
100 
TGCCTTGCAC GAGGGCAGAC ATGTCAAGTC GGATAATCTC TTTTGACTGC 
150 
AATTTTTCAG GGACTTTATT GTGCCAATTG CTTGGGCGAG TCTCACACGC 
200 
ATGTTTACAC ACTGGGTACG ACGATTTAAT ATCTCGATGG TGCGGGCGAT 
250 
TTCGTCTCAC GACGTATGAT CTACTTACGT ACCGGCTTGT TGTGTTAAGT 
TAATTCAATT CGTTAGGTAT GTTGGGCCGA CCTTAGTTTA TCC 
Clone 2, 270bp insert 
50 
AGTAAGCTAA TTTGTAGGCA TCTGGTCTTA CTAAGCAGAG CCCTATCATC 
100 
TCTCTCTAAG ACTCCGTCGA AGTCGTTTGG TTGGACGGAA GCCTTCTATG 
150 
TGTCTGGTAC GCGTCCCGCA TTGGAAATGG TCAGCGAACC AATCAGCAGG 
200 
GTCATCGCTA GCCAGATCTT ACGCGGAGAT GTGGCCGGAT ACGGGTCCAG 
ATGCGGTTGC TCGGCTATAT ATA 
Clone 11, 180bp insert 
50 
TACAATTACA TAAGGTTATT ATCAACATAC ATTTATAGAC TATGAAGCAG 
100 
GGCGGTGGGC GGGCGGCGGG CCGGGACGCT GGCGGTCGCC ACCCGGCTTT 
150 
CTCCTAGCGC CGGCGTGGTA GATGAGAAAT TCACGGAAGA AAGCATCAAC 
GAGCAAATTC GTGCCTTGAG CACTATAATG GCCCCCCCCC 
Clone 12, 130bp insert 
50 
GGGCGGTGGG CGGGCGGCGG GCCGGGACGC TGGCGGTCGC ACCCGGCTTC 
100 
TCCTAGCGCC GGCTGGTAGA TGAGAAATTC ACGGAAGAAA GCATCAACGA 
GCAAATTCGT GCCTTGAGCA CTATAATGGC cccccccccc 
Figure 3.6b Partial sequence of El A induced clones 
_-Homology to AA V sequences 
Clone 1, 530bp insert 
AGCAGGCCCG GGGCGGTCAT GTCTCTTTCC TAGTGTCGCG 
GGGGGGGTTC CGGCGGGCGC CCAGCGTTCG GGGCTTCAAG 
CGCAGICAAG GCIICAIIII CICAGGCGGA GCGAGIGACA 
CIAGGAAIGC IICIGACIGI IACGCAGACG AGIAIAAAGA 
. . . . . . . . . . CITAICIAIC CAACCCIAA AGCAACAGAC 
CAGAGICIAA CACACAAGCG CIIIICCAGC AGICIGIGCA 
GIGIACCIIC AGGGCGCCCA ICIGGGCAAA GAIICCACGA 
AGCAGGCAGT CGCGCCCAGG GCCCCGCCGT CCGCCCCCCC 
Clone 3, 3 30bp insert 
IGGICIGGCA GGAC8G8G8I GIGTACCTTC AGGGGCCC8! 
AIICCACACA CGGACGG8CA ~IIICACCCC IICCTC8IGG 
........ AA CATCTATCAI. AGAAIACCCG I8CCIGCGAA 
ACCIIAGIGC IGGCAGAACG GIIIGCIGIC CIICGAICAC 
ICCCACGCGC GACAGGICAG CGIGGIAGAI CGAGTCGTAC 
CTCGCTCGGG TGACCCGCAC TCAGCGTCCC CTGATCCCCG 
Clone 4, 239bp insert 
50 
TCGCCCCCCG 
100 
IGGAACCACA 
150 
ITGGGACAGI 
ATT ...... 
150 
AAGC8GCAIC 
100 
GG8C8.GAG8I 
50 
C8CGG8CGGG 
0 
CGACGACCGA 
50 
CIGGGCAAAG 
100 
GTGGAIICGG 
150 
ICCIICGACC 
100 
IACC8,GCIAC 
50 
GCGGCCTTCG 
0 
AGAGACACCC 
50 
GGGGTGICGA GCACCIITAG IGCGGCAAAG ITIGCITCCI TCATCACACA 
100 
GTAGCTCCAC GGGACAGGTC AGCTGGGGAA ICGGATGGGG ACTGCA 
Clone 8, 170bp insert 
50 
GCTAGGGGGG CGACCTTCGA CCACCITCAG TG8CGGCAAA GTITTGCTTC 
CTTCTGCAGG TCGACT 
63 
were sequenced, the two inserts isolated from clone 2 showed no significant similarity 
to sequences in EMBL (release 19) and GENBANK (release 47) databases. Clones 11 
and 12 showed remarkable similarity (scores 59 and 65 respectively) over a 
subsequence of 64 nucleotides to a yeast nuclear gene necessary for the synthesis of 
cytochrome b, designated CBP6 (Dieckmann and Tzagoloff 1985, EMBL no. 19439), 
as shown in figure 3.7. The region of homology in CBP6 extended from nucleotide 
572 to nucleotide 637. The predicted translation product of the conserved region 
contains 18 hydrophilic amino acids similar to amino acids from position 187 to 204 of 
the CBP6 protein. Using the Chou-Fasman algorithm, it was possible to predict the 
secondary structure of the conserved region as an a helix, containing no obvious 
regulatory features (Chou and ·Fasman, 1978). Any secondary structure predictions, 
however, must be considered with caution, as most prediction methods have an 
approximate 55 % level of accuracy in prediction of the conformation state of amino 
acid residues (Nishikawa 1983, Kabsch and Sander 1983). 
Sequence analysis of induced clones 
The sequences of four strongly induced clones were determined and analysed. After 
comparison with sequences in GENBANK and EMBL, sequences from clone 1, clone 
3, clone 4 (239bp insert) and clone 8 showed significant similarity (scores 70, 78, 63, 
30, respectively) to regions within the second open reading frame of adeno-associated 
virus type 2 (AA V 2), specifically within the genes encoding structural coat proteins 
between map units 75.8 and 91, as shown in fig.3.8. 
Fiwe 3.7 Align'ment of Yeast (S.cerevisiae) nuclear gene CBP6 for cytochrome b, 
(937 bases) with clone 11 (181 bases) 
: -nucleotide homology 
X 10 20 30 40 so 60 
ATACGATTATTTTGGAAGTTTATAAAAGAAGTGCGGAAATCACATCTGCTGTTTATTTAGCCATTCCTCA 
80 90 100 110 120 130 
CACTAATAGTTAAAGTACTTTCATAGCAGCTCTGCGCATGGTCGGACATGCGAAAAATTCTGATATCAAG 
150 160 170 180 190 200 
AAAAAGCGAAATATTTCCGGCCTTGTAGGGGCCAAAACATTAACGTATATCAAGATTTCCTGTGGTAGCA 
220 230 240 250 260 270 
ACATTATAAGAAAAAAAGGTAGCCTTCATTGAAACATTCTCTCTATCAGCTTACCAAGTTAAACTCCGTA 
290 300 310 320 330 340 
TTCCACAAGCAAGTGCCAAAATGTCTTCTTCCCAGGTCGTCAGGGATTCTGCCAAAAAATTAGTTAATTT 
360 370 380 390 400 410 
ACTGGAAAAATATCCAAAGGATCGTATACACCACTTGGTCTCATTCAGGGATGTACAAATAGCAAGATTT 
430 440 450 460 470 480 
AGACGTGTAGCGGGTCTGCCAAATGTAGATGACAAAGGAAAATCTATAAAAGAGAAAAAACCCTCATTAG CBP6 
TACAATTACATAAGGTTATTATCAACATACATTT Clone 11 
X 10 20 30 
500 510 520 530 540 550 
ATGAAATAAAAAGTATAATTAACAGAACTTCCGGTCCATTAGGACTGAATAAGGAGATGTTAACCAAAAT CBP6 
ATAGACTATGAAGCAGGGCGGTGGGCGGGCGGCGGGCCGGGACGCTGGCGGTCGCCACCCGGCTTTCTCC Clone 11 
40 so 60 70 80 90 100 
570 580 590 600 610 620 
TCAAAATAAAATGGTAGATGAGAAATTCACGGAAGAAAGCATCAACGAGCAAATTCGTGCCTTGAGCACT CBP6 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
TAGCGCCGGCGTGGTAGATGAGAAATTCACGGAAGAAAGCATCAACGAGCAAATTCGTGCCTTGAGCA-T Clone 11 
110 120 130 140 150 160 170 
640 650 660 670 680 690 
ATAATGAATAATAAATTCAGAAACTATTACGATATTGGCGATAAGCTCTATAAACCTGCAGGAAATCCCC CBP6 
...... 
. . . . . . 
ATAATGGC 
X 
710 720 730 740 750 760 
AATATTATCAACGGTTAATAAATGCCGTTGACGGTAAGAAAAAGGAAAGCTTATTTACTGCAATGAGAAC 
780 790 800 810 820 830 
TGTATTATTTGGTAAATAAAGAGCACATTATTTTCTAAGCTTGTAAATACATATTTATTCATAATGGAGA 
850 860 870 880 890 900 
ACGTTATTCAAATTTATCTGTGAATTTCTTTACTCGAGGTATACTTCCGCAAAGGAAATTCTACTTAGCA 
920 930 X 
AATCCTATGGTAACGTCATTGTTTTGT 
Clone 11 
Figure 3.8 Alignment of induced clones with AA V 2 
SP6 - sequenced from the sp6 promoter of pGEM 
17 - sequenced from the 17 promoter of pGEM, converted to antisense 
complementary sequence 
· - nucleotide homology 
3510 3520 3530 3540 3550 3560 
TCATGAATCCTCTCATCGACCAGTACCTGTATTACTTGAGCAGAACAAACACTCCAAGTGGAACCACCAC AAV 2 
. . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . 
CAAGTGGAACCAC-AC clone 1 (SP6) 
90 
3580 3590 3600 3610 3620 3630 
GCAGTCAAGGCTTCAGTTTTCTCAGGCCGGAGCGAGTGACATTCGGGACCAGTCTAGGAACTGGCTTCCT AAV 2 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
........... 
. ......... . 
GCAGTCAAGGCTTCA-TTTTCTCAGGC-GGAGCGAGTGACATTGGGA--CAGTCTAGGAAT--GCTTCTG clone 1 (SP6) 
110 120 130 140 150 160 
3650 3660 3670 3680 3690 3700 
GGACCCTGTTACCGCCAGCAGCGAGTATCAAAGACATCTGCGGATAACAACAACAGTGAATACTCGTGGA AAV 2 
....... 
. . . . . . . 
A----CTGTTAC-----GCAGACGAGTATAAAGAATT 
170 180 190X 
3720 3730 3740 3750 3760 3770 
CTGGAGCTACCAAGTACCACCTCAATGGCAGAGACTCTCTGGTGAATCCGGCCATGGCAAGCCACAAGGA 
3790 3800 3810 3820 3830 3840 
CGATGAAGAAAAGTTTTTTCCTCAGAGCGGGGTTCTCATCTTTGGGAAGCAAGGCTCAGAGAAAACAAAT 
3860 3870 3880 3890 3900 3910 
GTGAACATTGAAAAGGTCATGATTACAGACGAAGAGGAAATCGGAACAACCAATCCCGTGGCTACGGAGC 
3930 3940 3950 3960 3970 3980 
clone 1 (SP6) 
AGTATGGTTCTGTATCTACCAACCTCCAGAGAGGCAACAGACAAGCAGCTACCGCAGATGTCAACACACA AAV 2 
. . . . . . . . . . . . 
. . . . . . . . . . . . 
. . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . 
........ 
. ...... . 
CTTATCTACCAACCCTAAA----GCAACAGACAAGCAGCATC--CAGAGTCTAACACACA clone 1 (T7) 
X 180 170 160 150 140 
4000 4010 4020 4030 4040 4050 
AGGCGTTCTTCCAGGCATGGTCTGGCAGGACAGAGATGTGTACCTTCAGGGGCCCATCTGGGCAAAGATT AAV 2 
. . . .... . ................................................... 
. . . .... . . ................................................. . 
AGCGCTT-TTCCAGCA---GTCTGGCAGGACAGAGATGTGTACCTTCAGGGGCCCATCTGGGCAAAGATT clone 1 (T7) 
130 120 110 100 90 80 70 
. . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . .......... . 
. . . . . . . . . . . . . . . .......... . 
TGGTCTGGCAGGACAGAGATTGTA--CTTCAGGGGCCCAT-TGGGCAAAGATT clone 3 
X 10 20 30 40 
4070 4080 4090 4100 4110 4120 
CCACACACGGACGGACATTTTCACCCCTCTCCCCTCATGGGTGGATTCGGACTTAAACACCCTCCTCCAC AAV 2 
.............. 
. . . . . . . . . . . . . . 
CCACACACGGACGG 
60 
............................ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. ................ . 
. ................ . 
CCACACACGGACGGACATTTTCACCCCTT---CCTCATGGGTGGATTCGG 
60 70 80 90 X 
clone 1 ( T7) 
clone 3 
4140 4150 4160 4170 4180 4190 
AGATTCTCATCAAGAACACCCCGGTACCTGCGAATCCTTCGACCACCTTCAGTGCGGCAAAGTTTGCTTC AAV 2 
. . . . . . . . . . . .................. . 
. . . . . . . . . . . .................. . 
TCGAGCACCTTTAGTGCGGCAAAGTTTGCTTC clone 4 
10 20 30 
................................ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
TCGACCACCTTCAGTGCGGCAAAGTTTGCTTC clone 8 
20 30 40 
4210 4220 4230 4240 4250 4260 
CTTCATCACACAGTACTCCACGGGACACGGTCAGCGTGGAGATCGAGTGGGAGCTGCAGAAGGAAAACAG AAV 2 
. . . . . . . . . . . . . . . . ...... ........... . 
. . . . . . . . . . . . . . . . ................. . 
...... 
. ..... 
CTTCATCACACAGTACTCCACGGGACACGGTCAGCTGGGGAATCGGATGGGGACTGCAG 
40 50 60 70 80 90 X 
CTTCTGCAGGTCGACT 
50 60 X 
Terminator 
4280 4290 4300 4310 4320 4330 
CAAACGCTGGAATCCCGAAATTCAGTACACTTCCAACTACAACAAGTCTGT~TCGTGGACTTACCGTG 
4350 4360 4370 4380 4390 4400 
GATACTAATGGCGTGTATTCAGAGCCTCGCCCCATTGGCACCAGATACCTGACTCGTAATCTGTAATTGC 
Polyadenylation signal 
4420 4430 4440 4450 4460 4470 
TTGTTAATCAATAAACCGTTTAATTCGTTTCAGTTGAACTTTGGTCTCTGCGTATTTCTTTCTTATCTAG 
4 4 90 4500 4510 4520 4530 4540 
TTTCCATGGCTACGTAGATAAGTAGCATGGCGGGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAG 
Inverted terminal repeat 
4560 4570 4580 4590 4600 4 610 
TTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGG~CGCCCGACGCCCGG 
4 630 4640 4650 4660 4670 X 
GCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAA-3' 
clone 4 
clone 8 
64 
Southern analysis of clones 3, 5, and 11 
Clones 3, 5 and 11 were analyzed at the genomic level by Southern analysis. 
Uninfected rat DNA and rat DNA isolated 40hrs pi with WT or WT and AA V, were 
digested with EcoRl and Hindill, electrophoresed through agarose and transferred to 
nylon membranes as described in section 2.2.6. The membranes were probed with a-
tubulin, clone 3, clone 5 and clone 11. There are approximately 14 copies of the a-
tubulin gene in the rat genome (Lemischk:a and Sharp 1982). Thus, by comparison of 
densitometer readings between Southerns probed with a-tubulin and clone 11 (fig 
3.9), it was possible to estimate one gene copy of clone 11 per cellular genome. 
Although clone 11 only hybridised to a single band within the HindIII-digested DNA, 
and not to any EcoRl-digested DNA, the result is unlikely to be an artifact, because of 
the highly stringent conditions of the experiment. Perhaps the homologous EcoR 1-
generated fragments migrated from the agarose gel into the buffer during 
electrophoresis. 
When DNA was probed by clones 3 and 5 (fig 3.10) there was strong hybridisation to 
-the smear of DNA isolated from cells infected with WT and AA V, reflecting the type of 
hybridisation observed when AA V genomic DNA was used to probe the DNA. 
Through sequence analysis, clone 3 was identified as part of the AA V genome, and the 
Southern results imply that clone 5 also contained AA V sequences. Cross-
hybridisation studies showed that clone 5 cross-hybridised to clone 4 (fig 3.2). Clone 
4 was identified as containing AA V sequences, thus it is likely that clone 5 contained a 
similar region of AA V sequences. Hybridisation of clone 3 and clone 5 to cellular 
sequences in uninfected and WT infected DNA was suggestive of a cellular 
subsequence within clone 3 and clone 5, unrelated to AA V sequences. Indeed, 60 
nucleotides present at the terminus of clone 3 showed no significant similarity to AA V, 
or to any genes within the database, and thus are likely to represent an undescribed 
cellular mRN A. 
A. 
Eco Rl Hind III 
WT WT 
un +AAV WT un +AAV WT 
B. 
Eco Rl Hind III 
WT WT 
un +AAV WT un +AAV WT 
4.2kb 
Figure 3.9 Southern analysis of an uninduced clone. 
20µg of uninfected rat DNA (un) and rat DNA isolated 40hrs 
pi with WT or WT+AAV, were digested with EcoRl or 
HindIII, electrophoresed through agarose and transferred to 
nylon membranes. The membranes were probed with A. 
a-tubulin and B. clone 11. There are approximately 14 copies 
of the a-tubulin gene. Comparison of relative autoradiograph 
exposures suggested 1 copy of clone 11 gene per cell. 
A. B. 
Eco Rl Hind III Eco Rl Hind III 
WT WT WT WT 
un +AAV WT un +AAV WT un +AAV WT un +AAV WT 
Figure 3.10. Southern analysis of induced clones. 
20µg of uninfected rat DNA (un) and rat DNA isolated 40hrs pi 
with WT or WT+AAV, were digested with EcoRl or HindIII, 
electrophoresed through agarose and transferred to nylon 
membranes. The membranes were probed with A) clone 3 and B) 
clone 5. 
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Discussion 
Subtractive hybridisation was the principal component in the construction of a 
subtractive library, enabling the enrichment of low abundance mRNA species, 
represented as cDNA in the cDNA library of 22,000 clones. The principal interest in 
the library was to isolate cDNA clones representing mRNA induced by ElA, that may 
have an important role in transactivating other cellular genes, resulting ultimately in 
transformation. The library was constructed from rat embryo fibroblasts 40 hrs after 
infection, allowing the maximum level of activation of cellular genes by the E lA region 
of adenovirus. This assumption was based on the kinetics of induction of the cellular 
gene, thymidine kinase, by adenovirus. Thymidine kinase levels of cells arrested in the 
G 1 phase of the cell cycle (by confluence) increase 2-5 fold after adenovirus infection, 
peaking at 36hrs (Cheetham and Bellett 1982, Liu et al. 1985). This increase is 
dependent on the expression of viral ElA (Braithwaite et al. 1983). 
By eliminating cDNA sequences representing mRNA sequences common to the WT · 
infected cell population and the dl 312 (ElA negative) infected cell population through 
hybridisation, the library was enriched for cDNA clones induced by ElA. Included 
among these clones would be those representing cellular genes known to be induced by 
ElA, eg. thymidine kinase, 70-kDa heat shock protein, PCNA (proliferating cell 
nuclear antigen, also known as cyclin), thymidylate synthetase, P-tubulin and others 
(as discussed in section 1.8.1.). As the subtractive technique is inefficient, the library 
would also contain clones representing cellular mRNA common to both WT infected 
and ell 312 infected cell populations. The cDNA used to make the library, was 
hybridised with an excess of adenoviral DNA, to eliminate common viral sequences. 
From 12,000 clones differentially screened, 244 clones were selected in total, that 
appeared to represent cellular genes induced by E lA. From 11,000 clones, after the 
second round of screening, 250 clones were identified as strongly positive. 149 of 
these clones exhibiting no hybridisation to the negative probe and were stored at -70°C. 
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It was thought at that time that these 149 clones were more likely to represent viral 
transcripts, and less likely to represent cellular regulatory transcripts induced from a 
basal level, as they did not hybridise to the negative probe. Thus, the remaining 1 O 1 
clones that weakly hybridised to the negative probe, were subject to a third differential 
screen. After the final screen, 77 clones from 101 were deemed positively induced by 
E IA. Eighteen clones, from 1,000 clones, were identified through two rounds of 
screening with subtracted cDNA probes. In retrospect, all 244 clones (149+ 77+ 18 
clones) should have been finally tested with both screening regimes to eliminate false 
positives, generated by the different screening methods. All of these clones were 
screened with adenovirus DNA, to identify viral sequences and screened for thymidine 
kinase sequences. All clones were negative for viral sequences, and for thymidine 
kinase sequences. As mentioned above, thymidine kinase is induced during 
adenovirus infection and the lack of thymidine kinase sequences amongst the clones 
was unexpected. The lack of hybridisation to thymidine kinase suggests the subtractive 
hybridisation technique does not detect small changes in common transcripts, or 
perhaps an aberrant infection due to the presence of AA V, which will be discussed in 
chapter 4. Only eighteen clones, iden~fied through two rounds of screening with 
subtracted cDNA probes, were investigated further, by Northern and Southern 
analysis. 
To confirm that the clones were induced by ElA during infection, 18 clones were used 
to probe nylon membranes containing poly A+RNA prepared from cells 40 hrs after 
infection with WT or dl 312. 6 of 18 clones were highly induced by ElA, 40 hours 
after infection, as suggested by strong hybridisation to discrete RNA bands from WT-
infected cells and not dl 312-infected cells. These induced mRNAs may not be a 
primary consequence of ElA activation. ElA proteins are detected within infected cells 
at approximately 7-13 hrs after infection at lOOiu per cell (Jackson and Bellett 1989), 
increasing to a maximum level at 20hrs after infection (Jackson and Bellett 1987). At 
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25iu per cell, it was possible to detect ElA mRNA species at 12-15 hrs, peaking at 
40hrs after infection. As the library was constructed relatively late in infection, after 
the start of viral DNA replication, the clones may represent mRNA indirectly influenced 
by ElA. 12 of 18 clones exhibited no differential hybridisation to RNA isolated from 
WT-infected cells or dl 312 infected cells 40hrs pi, indicative of non induction by ElA, 
or alternatively in an abundance below the sensitivity of the Northern technique. After 
restriction analysis, it was found that the lack of hybridisation to the RNA populations 
of some of the "uninduced" clones was due to the absence of detectable cDNA insert 
Eight cDNA clones were identified by sequence analysis. Three poorly induced clones 
that were partially sequenced were clone 2, 330 bp insert, clone 2, 270bp insert, clone 
11, 427bp insert and clone 12, 160bp insert. Both inserts of clone 2 showed no 
similarity to any sequences within the EMBL or GENBANK databases and clones 11 
and 12 were remarkably similar to a portion of CBP6, a yeast nuclear gene necessary 
for the synthesis of cytochrome b (Dieckmann and Tzagoloff 1985). The conserved 
region between clone 11 and CBP6 is within the coding region of CBP6. When 
translated, this region revealed 18 hydrophilic amino acids possibly in art a-helix 
configuration. Prediction of secondary structure is most successful when the putative 
protein is homologous with a protein of known structure. When only sequence is 
known, in the case of clone 11, without other information, such as function or the 
location of disulfide bonds, the accuracy of the prediction may be no better than 56% 
(Nishikawa 1983, Kabsch and Sander 1983). 
Four strongly induced clones were partially sequenced. These clones, (clone 1, 530bp 
insert, clone 3, 330bp insert, clone 4, 239bp insert and clone 8, 170bp insert) were 
significantly similar to the structural coat protein genes of adeno-associated virus type 2 
(AA V2). AA V2 is a defective parvovirus, which requires the presence of a helper 
virus, eg. adenovirus or SV 40, for effective replication and will be discussed in detail 
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in chapter 4. Clone 1 and clone 3 each appear to be composed of 2 separate inserts. 
Apart from sequences which have similarity to AA V, each clone has sequences of 50 to 
80 nucleotides which do not show significant similarity to any known gene. 
Evidence, obtained through Southern analysis, as presented below, suggests that the 
subsequences are cellular in origin. The presence of the unrelated inserts within the 
same clone may be a technical artifact Clone 1 contains a stretch of three guanosines at 
position 51 in the left flanking sequence to the AA V sequence, at the junction of AA V 
and the "cellular" sequence. This is may indicate a cloning artifact from the initial 
dCTP tailing of cDNA before ligation to plasmid when constructing the library. There 
were no enzymatic manipulations of the dC-tailed inserts to encourage high fidelity 
annealing and ligation to dG-tailed plasmid. The annealing mixture was incubated at 
high temperature and allowed to cool slowly to produce annealed insert and plasmid. It 
is feasible that inserts with small overhangs of guanine residues would anneal to inserts 
with dC-tails instead of dG-tailed plasmids. 
The alternative hypothesis is that the clones represent true junctions between integrated 
AA V and the cellular genome. Perhaps the integration event occured in a position 
within an actively transcribed cellular gene, such that the AA V sequences were 
transcribed as a part of the cellular gene. Perhaps a consequence of the integration 
event was the loss of transcription stop signals within the AA V sequences, resulting in 
transcription of adjacent cellular sequences. This would ultimately result in the 
presence of chimeric cDNAs in the cDNA library. Kotin and Berns (1989) isolated and 
sequenced genomic clones that represented AA V sequences integrated into the cellular 
genome during latency. The cellular DNA proximal to the viral DNA contained long 
polypurine tracts, believed to be a substrate for a cellular endonuclease activity, able to 
cleave a plasmid containing an AA V insert at the junctions with the vector in vitro 
(Gottlieb and Muzyczka 1988). Clone 1 and clone 3 both contain an extensive 
polypurine stretch adjacent to viral sequences. 
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Gene structure of clone 3, clone 5, and clone 11, was investigated by Southern 
analysis. Clone 3 strongly hybridised to a smear of DNA isolated from cells infected 
with AA V and WT, confirming the presence of AA V sequences within clone 3, since 
the pattern of hybridisation is typical of AA V DNA integration and replication in the 
cellular genome (chapter 4). Clone 3 also hybridised to specific sequences within 
uninfected and WT infected cellular DNA. This suggests the presence of cellular 
subsequences within clone 3, as discussed above. It is also possible that AA V 
sequences integrated into the cellular genome as a provirus until adenovirus infection, 
which would explain the specific hybridisation to uninfected cellular DNA. However, 
when the cells were infected by adenovirus, the alleged AA V provirus did not replicate 
and result in the typical pattern of hybridisation as shown with AA V and WT infected 
cellular DNA, implying that cellular sequences within clone 3 hybridised to specific 
cellular sequences within uninfected DNA. Thus, clone 3 is comprised of two 
unrelated . sequences, an AA V sequence and an unidentified, probably cellular 
sequence. 
Clone 5 also hybridised to specific sequences in uninfected and WT-infected cellular 
DNA. Clone 5 hybridised to AA V and WT infected cellular DNA in the typical pattern 
of AA V hybridisation, as mentioned above. Cross-hybridisation studies showed that 
clone 5 cross-hybridised to clone 4 (fig 3.2). Clone 4 was identified as containing 
AA V sequences, thus it is likely that clone 5 contains a similar region of AA V 
sequences. 
Clone 11 hybridised to a specific genomic band of 3.8kb in DNA from uninfected, 
WT +AA V2 infected and WT infected cells. This implies that clone 11 contains a 
cellular sequence, even though the sequence was significantly similar to a yeast nuclear 
protein. A mammalian equivalent of this yeast nuclear protein has not been identified. 
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As the clone 11 sequence is similar to a small distinct region of the yeast gene, the 
homology may reflect a conserved structural or regulatory domain, rather that a 
possible contamination of yeast in the cells used to make the library. The predicted 
secondary structure of the translated region of conservation is an a-helix. From 
current literature, it is not known whether this region is an important regulatory or 
structural domain. 
Summary 
A subtracted cDNA library of 22,000 members was constructed to enrich for clones 
representing mRNA induced by ElA 40hrs after adenovirus infection. After 
differentially screening half of the library, a total of 244 clones were selected that 
appeared to represent cellular genes induced by E IA. 18 of 244 clones were chosen 
for further study. One third of these clones (6 of 18 clones) hybridised strongly to 
specific RNA species isolated from WT infected cells and not dl 312 (ElA negative) 
infected cells, implying that the clones were induced by ElA. The level of induction of 
the other 12 clones was undetectable by Northern analysis. Sequencing of induced 
clones, and Southern analysis revealed the presence of AA V 2 sequences in a number 
of clones. This suggests that the original virus stocks, or cells used to make the 
subtracted library, were contaminated by AA V2. The significance of this is discussed 
in greater detail in chapter 4. 
Chapter 4 
AA V interaction with adenovirus during productive infection 
7 1 
Introduction 
As mentioned in chapter 3, four clones, isolated from a subtractive library, enriched for 
ElA-induced cellular sequences, showed remarkable sequence similarity to adeno-
associated virus type 2 (AA V2). Adena-associated viruses were believed to be 
degradation products or precursors of the adenovirus virion when first identified in the 
late 1950s, but by the mid-1960's AAV was recognised as a distinct virus, dependent 
on adenovirus coinfection for productive infection (Atchison et al. 1965, Mayor et al. 
1965). The adeno-associated viruses are members of the family Parvoviridae, in the 
genus dependoviruses, aptly named for their complete dependence on coinfection with 
a helper virus (adenovirus, vaccinia, herpes simplex virus or human cytomegalovirus) 
for productive infection (Atchison et al. 1965, Rose and Koczot 1972, Schlehofer et al. 
1986, Buller et al. 1981, McPherson et al. 1985). 
AA V are amongst the smallest DNA animal viruses. The single-stranded linear DNA 
genome is encapsidated in an icosahedral structure, approximately 20nm in diameter 
(Mayor et al. 1965). The viral genome contains 4681 bases. There are two open 
reading frames (ORFs). The ORF that extends over the left half of the genome codes 
for replication proteins. The right ORF codes for structural proteins. At the end of the 
genome there are inverted terminal repeats of 145bps (Koczot et al. 1973, Lusby et al. 
1980). The terminal 125bps are palindromic, but the overall palindrome is interrupted 
by two shorter palindromes in the centre of the larger palindrome, forming a T-shaped 
structure after maximum base pairing. This structure is used as a primer for DNA 
replication (Hauswirth and Berns, 1977). In the absence of helper virus, the AA V 
genome integrates efficiently into the cellular genome and can exist as a provirus for 
many cellular generations until rescue with a helper virus (Hoggan et al. 1972, Berns et 
al. 1975, Randa et al. 1977). 
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The relationship between AA V, the helper virus and the cell is dynamic. While AA V 
replication is reliant on the presence of the helper virus, replication and transcription of 
the helper virus are affected by AA V replication. When AA V is coinfected with 
adenovirus , the production of adenovirus virions is reduced, due to the inhibition of 
adenovirus DNA replication (Carter et al. 1979). AA V is also responsible for the 
reduction of cell multiplication in the absence of helper virus. Winocour et al. (1988) 
showed that AA V infection of presenescent embryonic fibroblasts resulted in an 
accumulation of cells in the late S or 02 phase of the cell cycle and a significant 
inhibition of cell division. Although AA V significantly affects cell function in the 
absence of adenovirus infection, and adenovirus kinetics during coinfection, it is often 
undetected due to the lack of common assay methods, such as plaque assays. 
In this chapter evidence is presented that AAV had infiltrated a large number of 
adenovirus stocks possibly through the cell lines used to propagate the virus stocks. 
Coinfection of rat embryo fibroblasts with WT adenovirus contaminated with AA V, 
confirmed reports in the literature that replicative intermediates uf AA V are formed 
during productive infection, concomitant with possible integration into the cellular 
genome. RNA transcription was also investigated during a prcxluctive AAV infection. 
The five clones mentioned above mapped to 7 5-90 mu of the genome and recognised 
all AA V transcripts. The kinetics of AA V transcription during infection was 
investigated through Northern analysis of RNA from cells isolated at different times 
after infection. In order to isolate cellular genes induced by adenovirus, a portion of 
the subtractive library was screened for AA V sequences and differentially screened 
with cDNA from uninfected, ell 312 infected or WT (without AA V) infected cells. 
AA V contamination within adenovirus stocks 
AA V are amongst the smallest DNA animal viruses. The AA V virion is an 
icosahedral structure, approximately 20nm in diameter (Mayor et al. 1965). When the 
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WT-adenovirus stocks used for experiments were examined under electron 
microscopy, a large number of 20nm particles, which resemble AA V particles, were 
detected as shown in figure 4.1. To investigate the extent of AA V contamination in all 
of the available adenovirus stocks, DNA was isolated from virus infected HeLa cell 
lysates by treatment in alkali, applied to nylon membranes in a slot configuration and 
probed with AA V as described in 2.2.6. Twenty eight different adenovirus mutants 
were tested in this manner and eighteen viruses hybridised to AA V sequences (64% ), 
as displayed in figure 4.2. Not all adenovirus mutants have the same growth kinetics 
as WT when infecting HeLa cells, so the filters were also probed with adenovirus, to 
confirm the presence of virus. The results show that AA V had infiltrated a significant 
proportion (64%) of adenovirus mutant stocks. AA V requires· the presence of a 
functional El region to replicate (Laughlin et al. 1982). Mutant viruses lacking a 
functional El region were propagated on 293 cells which constitutively express 
adenovirus E 1 proteins, thus supplying the requirements for AA V replication (Graham 
et al., 1977) as demonstrated in table 4.1. 
To identify the source of contamination, DNA from uninfected REFs and from cell 
lines used to propagate virus stocks, eg. 293 cells and different stocks of HeLa cells, 
were digested with Hind III and Smal, Southern transferred and probed with the AA V 
genome as described in 2.2.6. and 2.2.7. In the absence of helper virus during an 
AA V infection, AA V virions adsorb and penetrate the cell membrane and are 
transported to the nucleus, where they become uncoated (Rose and Koczot 1972). The 
AA V genome integrates very efficiently into different locations in the cellular genome in 
approximately 30% of the cell population, and can exist as a provirus for many cellular 
generations until rescue with helper virus (Hoggan et al. 1972, Berns et al. 1975). As 
indicated in figure 4.3, the AA V genome was not detected in primary rat embryo 
fibroblasts, but was detected in one of the HeLa cell lines. There was no evidence of 
AA V latent infection in 293 cells, however not all 293 stocks were comprehensively 
checked for the presence of AA V. 
• 
0.1 micron I 
Figure 4.1. Electron micrograph of WT viral stock. 
Virus particles were spread onto pure carbon-coated, glow-discharged, 400 
mesh copper grids, and negatively stained. The micrograph was taken on a 
Philips 301 electron microscope. Total magnification x320,000 
A- adenovirus 
AA- adeno-associated virus 
Figure 4.2 Extent of AA V contamination within virus stocks. 
DNA from 28 different adenovirus mutants was isolated from virus 
infected cell lysates by treatment in alkali and applied to nylon 
membranes in a slot configuration. A. probed with the AA V genome. B. 
probed with the WT Ad 5 genome. C. probed with cellular genomic 
DNA. Eighteen viruses hybridised to AA V sequences (64%). This 
suggested that AA V had infiltrated a significant proportion of 
adenovirus mutant stocks. 
Virus A B C Virus A B C 
AAV WT Cell AAV WT Cell 
WT E1APM928 
dl 312 PM975 
dl 313 in 500 
dl 327 hr6 
dl347 hrl 
dl 348 hr3 
dl358 hr A 
dl 355 hr7 
12S 309 RH87 
13S 309RH 
12SPM928 309 109 
12S 705 309 21 
12S 961 309 3 
ts 36 309 64 
Table 4.1 AA V cross contamination 
+ -AA V detected 
- -AA V not detected 
Virus Mutation Propagation AAV presence 
wr HeLa +++ 
ElA 
dl 312 ElA negative 293 + 
dl 347 only 243aa ElA product 293 ++ 
12S only 243aa ElA product 293 + 
12S PM928 aa 124 substitution in CD2 no 289 ElA product 293 ++ 
12S 705 293 + 
12S PM961 aa 135 substitution in 243 product no 289 E lA 293 +++ 
in 500 truncated 289 aa,normal 243 aa 293 +++ 
hrl truncated 289aa, normal 243aa 293 +++ 
E1APM928 aa 124 substitution in CD2 both ElA products 293 +++ 
dl 348 only 289aa ElA product 293 +++ 
13S only 289aa ElA product 293 +++ 
PM975 only 289 aa ElA product 293 +++ 
hr3 aa substitution in CD3 in 289aa ElA 293 ---
hrA no 243aa, truncated 289aa ElA 293 ++ 
ElB 
dl 313 ElB negative 293 ++++ 
hr6 no 495aa ElB 293 ---
hr7 no 495aa ElB, reduced level of other ElB proteins 293 ++ 
El 
ts 36 thermolabile DNA binding protein HeLa ---
EJ 
dl 327 E3 negative HeLa ++++ 
E.4 > 
dl 355 no 34kDa E4 product HeLa ---
dl 358 deletion in ORF 1 of E4 HeLa ++++ 
309 RH87 Mutations in ElA enhancer regions 293 ---
309RH ti " 293 ---
309 109 II ti 293 ---
309 21 ti II 293 ---
309 3 ti II 293 ---
309 64 II II 293 ---
23.1-
9.4-
6.5-
4.3 -
2.3-
2.0 -
Sma l 
A B 
Hind III 
A B 
un 293 HeLa HeLa AA V un 293 HeLa HeLa AA V 
Figure 4.3. AA V sequences within cell lines . 
20µg DNA from uninfected REFs (un) and from cell lines used 
to propagate virus stocks, eg. 293 cells and different stocks of 
HeLa cells (A and B), were digested with Hind III and Sma l, 
Southern transferred and probed with the AAV genome. AA V 
genomic DNA was added to lOµg rat genomic DNA at a 
concentration of 1 copy per cell and digested with the 
appropriate enzymes in the AA V track. 
74 
AA V replication during adenovirus injection 
The AA V genome is linear, single-stranded and contains 4681 bases. The organisation 
of the genome is shown in figure 4.4. There are two open reading frames (ORFs). The 
ORF that extends over the left half of the genome codes for replication proteins. The 
right ORF codes for structural proteins. At each end of the genome there are inverted 
terminal repeats of 145 bases (Koczot et al. 1973, Lusby et al. 1980). The terminal 
125bps are palindromic, but the overall palindrome is interrupted by two shorter 
palindromes in the centre of the larger palindrome, forming a T-shaped structure after 
maximum base pairing. This structure is used as a primer for DNA replication 
(Hauswirth and Berns, 1977). 
AA V replication during productive infection has been described in immortalized 
human cell lines or chinese hamster cell lines. The parental single-stranded (SS) DNA 
is converted to a parental double-stranded replicative form (RF), from which is 
synthesised progeny RF monomers, dimers and concatemers (Laughlin et al. 1982, 
.. 
Straus et al. 1976), by a "rolling hairpin" model of DNA replication, as described by 
Tattersall and Ward (1976). The progeny plus and minus DNA strands are displaced 
from the RF and are separately packaged withi~ preformed empty capsids, which then 
• 
mature to stable viral particles (Myers and Carter 1980). Experiments were performed 
to characterise AA V replicative forms at 40hrs of productive infection in primary REFs. 
In order to identify AA V replicative forms, Southern analysis was performed on DNA 
from cells infected with the contaminated WT stock (WT +AA V), and uninfected cells. 
Genomic DNA was isolated from uninfected cells, cells infected with WT and infected 
with WT+AAV, 40hrs pi. The DNA was digested with Smal, electrophoresed 
through agarose, transferred to nylon membranes and probed with the AAV genome, 
as described in section 2.2.6 and 2.2.7. Sma l restriction sites are in the inverted 
terminal repeats (ITR) of the AA V genome, and liberate the monomer genome after 
Rep genes Structural genes 
T 110 
Smat 
~1o-o--30--o12lo-o--5 .... 10--J-o--7-0--810--9 ..... 10-~0 Map Units 
Sma1 
Figure 4.4 Genomic organisation of AA V. 
The AA V genome is linear, single-stranded and contains 4681 bases. 
There are two open reading frames (ORFs). The ORF that extends 
over the left half of the genome codes for replication proteins. The 
right ORF codes for structural proteins. There are 3 promoters, 
mapped to 5, 19 and 40 map units (mu). At each end of the genome 
there are inverted terminal repeats of 145 bases. 
mm -Inverted terminal repeat ~ -Open Reading Frame 
o -Promoter Sma1 -Smal restriction enzyme sites 
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digestion. As both polarities of viral genomic DNA are packaged equally into separate 
genomes, during extraction the complementary strands can base pair to form duplex 
DNA, thus becoming sensitive to restriction enzyme analysis. Alternatively, Marcus-
Sekura and Carter (1983) detected duplex AA V DNA in the absence of helper virus and 
in the presence of DNA synthesis inhibitors, believed to represent annealed parental 
single strands, or integration of the AA V single strands into cellular chromosomes, 
resulting in restriction enzyme sensitivity. 
When dl 312 infected DNA was probed with AA V, a band of approximately 4.5kb 
hybridised to AA V, as shown in figure 4.5. This band represented the parental AA V 
genome, as others have shown that dl 312 is unable to help AAV DNA replication at a 
low MOI (Laughlin et al. 1982). Laughlin and her colleagues (1982) found that most 
of the infecting AA V genomes were degraded, 20hrs after coinfection with dl 312 
(MOI 10) in human KB cells. There was no evidence of degradation of the AAV 
genome after 40 hrs of co-infection of dl 312 (MOI 25) in 3°REFS, as shown in figure 
4.5. AAV was present in the original dl 312 viral stock because the 293 cells used to 
propagate dl 312 virus, supplied the EIA functions necessary for AA V replication 
during propagation. 
Figure 4.5 also shows a general smear of hybridisation unique to DNA from cells 
infected with WT and AA V. This smear has been detected by other investigators 
during AA V and WT coinfection of 293 cells and KB cells (Redemann et al 1989). 
Hybridisation to DNA of lower molecular weight than the monomer AA V was not 
unexpected, as variant DNA molecules, generated during replication, ranging from 3% 
to 100% of the· genome length have been identified and characterised (Hauswirth and 
Berns 1979, de la Maza and Carter 1980a). Hybridisation of AAV to a smear of DNA 
of higher molecular weight than the monomer genome may be the result of a number of 
different interactions. The rolling hairpin model of replication allows for concatemeric 
generation of SS progeny genomes by strand displacement. Conceivably, a variable 
number of AA V DNA molecules of higher molecular weight than the AA V monomer, 
A. 
un 
B. 
un 
WT 
Sma I 
WT 
-AAV +AAV 
WT 
Smal 
WT 
-AAV +AAV 
di 
d1 
f- >23kb 
f- 6.8kb 
f- 4.5kb 
Figure 4.5 Southern analysis of infected REFs 40 hrs after infection. 
lOµg DNA, from uninfected cells, cells infected with WT and 
infected with WT and AA V, 40hrs pi. was digested with Sma 1, 
Southern transferred to nylon membranes and probed with the AA V 
genome. Sma 1 restriction sites are at the termini of the AA V 
genome, and liberate the monomer genome after digestion. When dl 
312 infected DNA was probed with AAV, a band of approximately 
4.5kb hybridised to AA V. There is a general smear of hybridisation 
unique to DNA from cells infected with WT and AA V. 
A.Underexposure revealing two bands of >23kb and 6.8 kb in the 
WT + AA V track. 
B. Overexposure to detect 4.5kb band in dl 312 track 
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may be isolated after Sma l digestion, dependent on whether both ITRs of a progeny 
strand have been replicated at the time of isolation. Perhaps recombination events have 
occurred between parental/progeny viral genomes, resulting in the generation of 
variable sized genomes. Alternatively, AA V DNA may have integrated into the cellular 
genome, losing one of the ITRs during the imperfect integration, resulting in an 
apparent increase in genome size. 
An underexposure of the smear revealed a band of size 6.8kb and no obvious band 
equal to the size of the monomer genome, dimers or concatemers. To establish 
whether the 6.8kb band represented a replicative intermediate or a variant AA V with an 
unusually large genome, resulting from recombination with cellular DNA or virus, 
DNA from viral stocks were isolated and examined. Viral stocks (infected cell lysates) 
were digested with micrococcus nuclease. Encapsidated viral DNA is completely 
resistant to micrococcal nuclease (de la Maza and Carter 1980b). After phenol 
extraction, to release viral DNA, electrophoresis and transfer to nylon membranes, the 
viral DNAs were probed with AA V. All viral stocks contained AA V of the expected 
size of 4.7kb after nuclease digestion as shown in figure 4.6. The viral DNA from 
lysates that were not nuclease digested, contained the monomer genome and AA V DNA 
of higher molecular weight that was not present in the nuclease treated sample and 
therefore not encapsidated. Although there was not a large detectable population of 
6.8kb AA V DNA in the untreated samples, the result suggests that the 6.8kb band from 
Southern analysis may represent a defective variant DNA molecule that does not 
become packaged into virions or a replication intermediate. The cells were infected at 
the same time with WT+AAV, thus AAV DNA replication was likely to be 
synchronous at 40hrs pi. A significant proportion of AAV DNA may be at the same 
stage of strand displacement, yielding a 6.8kb fragment. 
Hybridisation of AA V to a smear of DNA of higher molecular weight than the 
monomer genome (figure 4.5) may be the result of concomitant imperfect random 
integration of a proportion of AA V genomes into the cellular genome. The lack of 
A 
di WT 
+AAV 
B 
di WT 
+AAV 
Figure 4.6 DNA fron1 infected cell lysates 
- 4.7kb 
variant defective DNA 
particles 
DNA from viral stocks were examined for the presence of high 
molecular weight AA V genomes. A. DNA from dl 312 infected cell 
lysate (dl) and DNA from WT +AA V infected cell lysates were 
digested with micrococcal nuclease, resulting in degradation of 
unencapisidated DNA . B. dl and WT +AA V DNA from infected 
lysates not digested with micrococcal nuclease. The membrane was 
probed with the AA V genome 
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concatemeric structures and hybridisation to high molecular DNA (>23kb) may be the 
result of integration involving the loss of a Smal site and replication of adjacent cellular 
sequences. The smearing of high molecular weight DNA may also be the result of 
homologous reciprocal recombination. The replication of AA V may promote reciprocal 
crossovers between episomal AA V and/or integrated forms, leading to expanded or 
contracted AA V genomes. Recombination through short homologous sequences or 
non homologous recombination, may result in AA V genomes of variable length during 
productive infection. 
The expression of AA V gene products during a productive infection 
During productive infection, 3 major RNA species of 2.3, 3.3 and 3.9kb are 
transcribed from the AA V genome, also found in unspliced forms of 2.6, 3.6 and 
4.2kb respectively (Marcus et al. 1981 ). These RNA species are transcribed from 3 
promoters, mapped to 5, 19 and 40 map units (mu) (Green and Roeder 1980, Green et 
al. 1980, Laughlin et al. 1979), as shown in figure 4.7. RNAs encoding for structural 
coat proteins (2.6kb and 2.3kb) are transcribed from the promoter at 40 mu, ·while 
transcripts from the promoters at 5 and 19 mu are involved in DNA replication and 
regulation. The RNAs share a common intron between 41 to 48 mu and a common 
polyadenylation site at 95 mu. As mentioned in chapter 3, at least 4 clones isolated 
from a subtractive library, enriched for sequences induced by ElA, showed significant 
similarity to AAV. All of the sequenced clones mapped between 75.8 and 91 mu as 
shown in figure 4.7, and were able to detect all RNA species when used as probes in 
Northerns. In order to investigate transcription from the three promoters during 
productive infection, total cytoplasmic RNA was isolated from dl 312 and WT +AA V 
infected cells at various times after infection, Northern transferred and probed with the 
clones, shown to be similar to AA V, as described in section 2.2.4.and 2.2. 7. 
The clones were broadly divided into 2 groups on the basis of the hybridisation 
pattern obtained. Clones 1, 3 and 9 showed the same hybridisation pattern as shown in 
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Figure 4.7. Transcription map of AA V 2 
3 major RNA species of 2.3, 3.3 and 3.9kb are transcribed 
from the AA V genome, also found in unspliced f onns of 
2.6, 3.6 and 4.2kb respectively. RNAs encoding for 
structural coat proteins (2.6kb and 2.3kb) are transcribed 
from the promoter at 40 mu, while transcripts from the 
promoters at 5 and 19 mu are involved in DNA replication 
and regulation. The RNA share a common intron between 
41 to 48 mu and a common polyadenylation site at 95 mu. 
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figure 4.8. A transcript of approximately 5kb appeared within the first 30mins after 
coinfection with WT. The level of transcription increased at 10 hrs pi and remained 
constant through the rest of the infection. The 4.2 and 3.9kb transcripts were first 
detected at 8hrs pi at a comparably low level which remained constant through 
infection. At 30-40hrs pi a novel band was clearly detected with clones 3 and 9. This 
band represented a transcript of approximately 3.3kb. The transcripts encoding for 
structural proteins (2.6 and 2.3kb) were detected at 8hrs pi, increasing in level at lOhrs 
pi. The level of transcription then remained constant throughout infection. A 1kb band 
hybridised to clone 3 at 8 hrs pi, increasing in levels to 40hrs pi. The second group 
comprised of clones 4 and 5, which did not hybridise to RNA in the same pattern as the 
clones described above. Hybridisation to the 5kb band was not as intense, compared 
with the other bands and the 3.3kb band was detected at lOhrs pi and throughout 
infection, as shown in figure 4.9. 
To investigate whether the different hybridisation patterns between clone 3 and. clone 4 
was due to hybridisation to other parts of the AA V genome, particularly to regions 
upstream of the pl 9 promoter, the sequences of clones 3 and 4 were compared to the 
AAV genome, using a diagonal dot-matrix plot (Gibbs and McIntyre 1970, Staden 
1982). By comparing sequences in matrix form by a DIAGON program (Staden 1982) 
it is possible to directly visualise similarities between two sequences. DIAGON plots 
of clone 3 and clone 4 compared to the AA V genome were employed Sequence 
matches of 15 nucleotides, sufficient for hybridisation, were searched for, and as 
shown in figure 4.10, only known homologies were detected. 
These results suggest that AA V transcription from the promoter at 5mu occurred 
shortly after coinfection with adenovirus. Transcription of RNA from the promoter at 
40mu was detected from 8-lOhrs pi, while transcription from the promoter at 19mu 
increased at 30-40hrs from a constitutive level detectable at lOhrs. A novel transcript 
of 1kb was also detected from 1 Ohrs. 
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Figure 4.8. Expression of AA V gene products during co-infection with WT. 
20µg of total cytoplasmic RNA, from dl 312 infected cells 40hrs pi (dl) and 
from WT +AA V infected cells at various times after infection, were Northern 
transferred and probed with A. clone 1, B. clone 3, and C. clone 9 
Size of transcripts are indicated. 
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Figure 4.9 Expression of AA V gene products during co-infection with WT. 
20µg of total cytoplasmic RNA, from dl 312 infected cells 40hrs pi (dl) and 
from WT +AA V infected cells at various times after infection, were 
Northern transferred and probed with A. AA V clone 4 and B. clone 5 
Sizes of transcripts are indicated. 
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Figure 4.10 Comparison of the sequences of clones 3 and 4 to AA V sequences using a DIAGON plot. 
The stringency was set at 15 nucleotides in a window of 15 nucleotides. Both clones do not show homology to other 
sections of the AAV genome apart from homologies at 75-90mu, as shown by-+ 
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Extent of AA V contamination among differentially expressed clones 
Northern analysis and sequencing of ElA-induced clones in chapter 3 has revealed that 
six of eighteen clones were similar to AA V sequences. To investigate the extent of 
AA V sequences within the remaining differentially screened clones, a proportion of 
clones, isolated during the initial differential screenings, were re screened with AA V. 
77 clones, which were isolated from three rounds of screening with ElA positive and 
ElA negative cDNA probes, as described in chapter 3, were grown on nitrocellulose 
filters and probed with the AAV genome. This screening strategy was repeated three 
times to identify 55 clones from 77, that shared strong sequence homology with AA V. 
19 clones were consistently negative through the 3 rounds of screening. In order to 
isolate cellular sequences influenced by adenovirus infection in the presence or absence 
of AAV, the 19 non-AAV sequences were probed with radiolabelled cDNA made from 
RNA isolated from uninfected cells and cells infected with WT, dl 312 and WT +AA V 
as described in section 2.2.5. One clone (pTD20) from 19 clones hybridised 
specifically to cDNA from uninfected, dl 312 infected and WT infected cells, implying 
that one clone is cellular in origin and in sufficient abundance to be detected by the 
cDNA probes. However there was no evidence of differential induction of pTD20, as 
shown in figure 4.11. Nonetheless, this clone was analysed in depth in chapter 5. 
Discussion 
AA V contamination was initially detected by sequencing ElA induced clones, isolated 
by differential screening of a subtracted cDNA library. Investigation of different viral 
stocks for AA V sequences suggested that AA V infiltration was extensive, and the 
possible source of the contamination was traced to a HeLa cell line, used to propagate 
virus stocks. Mutant adenoviruses that were propagated on 293 cells were also 
contaminated by AAV, suggesting that some 293 cell stocks were latently infected with 
AA V. Productive AAV infection requires the presence of a functional El region to 
replicate (Laughlin et al. 1982). 293 cells constitutively express adenovirus E 1 
A. WT infected cDNA probe 
B. dl 312 infected cDNA probe 
0 
• 
C. uninfected cDNA probe 
Figure 4.11 Rescreening of non-AAV clones with cDNA probes. 
cDNA clones which did not show homology to AA V were rescreened with 
radiolabelled cDNA from A. AAV-free WT infected cells (40hrs pi), B. dl312 
infected cells ( 40hrs pi) and C. uninfected cells. 
The clone corresponding to pTD20 is circled. The positive control is indicated by 
the arrow head. 
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proteins, thus supplying the requirements for AA V rescue and replication, during 
mutant virus infection. Although DNA analysis did not reveal the presence of AA Vin 
293 cells, not all 293 stocks were comprehensively checked for the presence of AA V. 
There was no evidence for the latent infection of primary rat embryo fibroblasts, 
although AA V does exist as a latent infection in the germ line of chickens. When cells 
prepared from specific-pathogen-free chicks with no previous exposure to adenovirus 
or AA V, were challenged with purified adenovirus, AA V antigen was detected in a 
small number of cells (Sadasiv et al. 1989). Conceivably AA V may exist in the 
germline of rats as a provirus, however, in this series of experiments, when challenged 
with AA V-free adenovirus, no AA V replication was detected through Southern 
analysis. 
AAV DNA replication is postulated to occur via a "rolling hairpin model" (Tattersall 
and Ward 1976). The 3' inverted palindrome terminal repeats form a hairpin structure, 
which functions as the primer for DNA replicatiQn. Synthesis of both plus and minus 
strands initiate at the 5'ends and proceed unidirectionally to the 3'end (Hauswirth and 
Berns 1977). Progeny SS AAV genomes are generated by strand displacement. 
During the co-infection of AA V and adenovirus (iu 20) in established human cell lines, 
AA V DNA synthesis was detected at 12 hrs pi, and progeny SS DNA was detected at 
25hrs pi (Redemann et al. 1990). When primary human fibroblasts were infected with 
AA V and adenovirus, the appearance of AA V replicative intermediates, both unit length 
and oligomeric, was significantly delayed compared to coinfection with KB cells 
(Nahreini and Srivastava 1989). To investigate the extent of AA V replication at 40hrs 
pi, the time point at which the subtracted library was constructed, Southern analysis 
was performed on DNA from infected and uninfected REFs. The DNA was digested 
with Sma l, to liberate the monomer genome, as Sma l restriction sites are in the 
inverted terminal repeats. 
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Sma !-digested DNAs from 3°REFs uninfected, infected with WT, d1 312 or infected 
with WT +AA V, were probed with AA V. There was no hybridisation to uninfected 
REFs or to cells infected with AA V free WT, suggesting that REFs are not latently 
infected with AAV. A band corresponding to the monomer AA V genome was detected 
in REFs infected with d1 312, supporting previous reports that AA V requires 
adenovirus El products for productive infection (Laughlin et al. 1982). However, in 
contradiction to previous reports, there was no evidence of degradation of the AA V 
genome after 40 hrs of co-infection of dl 312. This lack of degradation may be a 
function of the different cell type used to study d1 312 co-infection, ie primary REFs in 
the present study as opposed to human transformed 293 cells and KB cells in the 
previous report (Laughlin et al. 1982). There was a general smear of hybridisation 
unique to DNA from cells infected with AA V +WT. Defective variant DNA particles, 
ranging in size from 3-99% of the AA V genome could account for the smear of 
hybridisation to DNA of lower molecular weight than the monomer genome 
(Hauswirth and Berns 1979, de la Maza and Carter 1980a). Variant DNA particles are 
generated during a high multiplicity of infection and differ in length due to internal 
deletions mainly in the left half of the genomic sequence, while retaining the tenninal 
palindromic sequences (Senapathy and Carter 1984). 
Hybridisation to a smear of DNA of higher molecular weight than the monomer 
genome in DNA from AAV and WT infected cells could indicate a number of 
situations. 1) AA V may contain highly repetitive sequences that cross hybridise to 
cellular DNA. This possibility is unlikely since there was no hybridisation to DNA 
from uninfected cells. 2) During the course of AA V DNA replication via the "hairpin" 
model and strand displacement, the terminal repeats may be incorrectly replicated, 
leading to the loss of the Smal sites and heterogeneous variant DNA molecules of high 
molecular weight. 3) Perhaps at 40 hrs pi, only replicative intermediates have been 
made, leading to high molecular weight AA V DNA, depending on the position of 
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replicative forks, and whether either terminal Smal site is double stranded (sensitive to 
Smal digestion) or single stranded (resistant to Smal digestion). 
The fourth alternative is that AA V DNA may integrate into the cellular genome during 
the normal course of replication, through non homologous recombination, via the 
terminal repeats. The terminal repeats may be deleted at random recombination sites, 
which would result in hybridisation to a generalised smear of Sma I-digested DNA 
when probed with AA V. Partial or total deletions of the terminal repeats were 
identified in cells latently infected by AA V (Kotin and Berns 1989). Two of the AAV 
cDNA clones that were sequenced in chapter 3, also contained putative cellular 
sequences, that may have ariseri through integration of AA V during DNA replication. 
Consequently, transcription from AAV promoters may continue through the adjacent 
"cellular" sequences, and the resulting chimeric RNA species could have been cloned in 
the original cDNA library. Alternatively, the association between the cellular sequences 
and the AA V sequences may be a technical artifact, as there were no terminal repeat 
sequences associated with the junctions of AA V and cellular sequences, and integration 
is believed to take place via recombination involving the terminal sequences (Cheung et 
al. 1980). ' 
Other DNA viruses integrate into the cellular genome during productive infection. 
Large amounts of adenoviral DNA are associated with cellular DNA during productive 
or semi-permissive growth, and even when viral growth is prevented (Schick et al. 
1976, Tyndall et al. 1978). Vogel et al. (1986) used an in situ technique to 
demonstrate the integration of adenovirus DNA into a limited number of chromosomes, 
early in productive infection. Thus it is likely that the mechanism of integration before 
replication of viral DNA is shared between AA V and adenovirus. 
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The general smear of hybridisation unique to DNA from cells infected with AAV and 
WT after probing with AA V may not be solely due to concatemeric strand displacement 
of SS AA V progeny or recombination with the cellular genome. AA V replication may 
promote homologous reciprocal recombination between episomal and integrated forms 
of AA V, resulting in possibly integrated, expanded and contracted forms of the AAV 
genome. Hauswirth and Berns (1979) found that short defective DNA molecules, 
generated during productive infection were crosslinked at or near one terminus and 
some were generated by a template strand switch. However statistical investigation of 
partial base pairing potential in the recombination of SV 40 DNA in eukaryotic cells by 
Savageau et al. (1983) found no statistical significance in patchy homology within the 
recombining region of SV 40. Thus, the generation of variant AA V genomes due to 
homologous recombination at short stretches of homology between integrated and 
episomal AA V, must be considered cautiously. 
The AA V clones identified in chapter 3, mapped between 75.8 and 91 mu of the AAV 
genome. The clones are clustered to the 3' region of the AA V genome, probably due to 
the method of synthesis of the cDNA used in library construction. During the 
preparation of the cDNA library, poly A+RNA from WT infected cells, was primed 
with oligo (dT), which would anneal to terminal poly A+ tracks before reverse 
transcription to synthesise cDNA. Reverse transcription would initiate at the 3'regions 
of RNA transcripts, and the extent of progression towards the 5'region would depend 
on the efficiency of the enzyme and reaction conditions. One would expect cDNAs 
which represent the 3' regions of the original RNA transcripts, and an under-
representation of the 5' regions. Degradation of cDNA during subtractive hybridisation 
and hydroxylapatite chromatography, as evidenced by the low molecular weight cDNA 
inserts characterised in chapter 3, may have contributed to the appearance of "clustered" 
cDNA clones. 
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The kinetics of AA V transcription was investigated by probing RNA isolated at 
different times from cells coinfected with Wf +AA V, with the AA V clones. The clones 
were able to detect all six major transcripts of AA Vin total cytoplasmic RNA from 
WT+AAV infected cells. The AA V RNA species are transcribed from 3 promoters. 
The RNA species of 4.2kb and its spliced form of 3.9kb are transcribed from the 
promoter at 5mu. The transcription from the promoter at 19mu results in RNA of 
3.6kb and 3.3kb (spliced). The RNA responsible for structural proteins, of 2.6 and 
2.3kb (spliced) are transcribed from the promoter at 40mu (Green and Roeder 1980, 
Laughlin et al. 1979, Green et al. 1980). 
Northern analysis of total cytoplasmic RNA from WT and AA V infected cells showed 
that AA V transcription was detected within 30 min of coinfection. The expression of 
this RNA of approximately 5kb increased at lOhrs pi and remained constitutively high 
through the rest of infection. RNA of 4.2 and 3.9kb, coding for replication and 
regulation proteins were detected at 8 hrs pi, and the level of transcription did not 
increase during infection. The 2.3 and 2.6kb RNA, responsible for structural proteins 
were detected at 8 hrs, increasing in levels at lOhrs pi and remaining constant during 
infection. Hybridisation with some clones revealed a novel RNA transcript of 3.3kb 
induced at 30-40hrs pi, suggesting that transcription from the promoter at 19 mu 
increased significantly at 30-40hrs from a low constitutive level. A previously 
undescribed transcript of 1kb was also detected at lOhrs. 
It is not clear why the AAV clones, which map closely together on the AAV genome, 
show two distinctly different hybridisation patterns. Clones 1,3 and 9 hybridised to 
bands in a different pattern to clones 4 and 5, differing mainly in relative band 
intensities. The difference in band intensity may be a technical artifact, perhaps due to 
poor transfer of RNA to the nylon membranes. However, gels were restained after 
transfer to monitor the transfer efficiency. The alternative hypothesis is that variable 
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amounts of AA V DNA have contaminated the RNA stocks. The procedure of RNA 
extraction relied on the centrifugation of undamaged nuclei to remove DNA. In 
hindsight, centrifugation of all RNA solutions through cesium chloride during 
preparation, as described for the isolation of nuclear RNA (section 2.2.4) would be 
necessary to remove DNA contamination. To verify the presence of DNA in the RNA 
samples, the membranes need to be treated with RNase-free DNase and be re-
exposured to autoradiographic film. Once the presence of DNA is established the 
samples could be treated with DNAse, and the Northern analyses repeated. If the 
difference in hybridisation pattern is not accounted for by technical artifact, perhaps the 
different clones show sufficient homology to other parts of the AA V genome to allow 
increased hybridisation to different transcripts. This was investigated by comparing the 
clones to the AA V genome in the form of a dot matrix. The clones were not 
significantly homologous to other parts of the genome. 
The original subtracted cDNA library was re-examined to identify cellular sequences 
induced by ElA in the presence or absence of AAV. Although AAV sequences were 
extensively dispersed throughout the differentially screened clones from the original 
subtracted cDNA library, it was possible to isolate a cellular cDNA clone that showed 
hybridisation to radiolabelled cDNA synthesized from AAV free WT infected cells and 
cDNA from dl 312 infected cells out of 77 clones. It is possible that other cellular 
transcripts in low abundance, were not isolated after rescreening because cDNA probes 
were not enriched for rare transcripts by subtraction. Several investigators have found 
that specific cDNA clones were not detected in plasmid libraries if 0.05% to 0.2% of 
their probes did not contain the gene of interest (Dworkin and David 1980, Crampton et 
al. 1980). Rare transcripts (0.001-0.005% abundance) would be undetectable with 
unfractionated cDNA probes, therefore the non-AA V clones should have been 
rescreened with enriched cDNA probes (Davis et al. 1984a). The isolated cellular clone 
was designated pTD20 and is analysed further in chapter 5. 
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Summary 
AA V is a defective parvovirus, dependent on the presence of helper viruses for 
productive infection. AA V infiltrated the adenovirus stocks used to construct a 
subtractive cDNA library, enriched for ElA induced cellular sequences. The presence 
of AA V sequences amongst the cDNA clones indicates that the library was enriched for 
ElA-induced sequences, as dl 312 infection does not support AAV replication and 
transcription in REFs. AA V replication in REFs involved the synthesis of replicative 
intermediates, concomitant with possible recombination between episomal AAV and 
cellular DNA, resulting in integration, during co-infection with adenovirus. At 40hrs 
pi AA V DNA strands of variable length (of both higher and lower molecular weight 
than the monomer genome) were generated, although higher molecular weight species 
were not encapsidated into virions. 
Transcription of AA V was detected by using AA V clones isolated from the subtracted 
library, within the first 8 hrs after co-infection with adenovirus. By 10 hrs after co-
inf ection, transcription from all three promoters was detected. Transcription from the 
p 19 promoter increased at 30-40 hrs. 
To isolate cellular genes influenced by adenovirus in the absence or presence of AA V, 
the differentially screened clones, isolated from the subtracted library, as described in 
chapter 3, were rescreened with cDNA synthesized from uninfected, WT infected and 
WT +AA V infected cells. One clone (pTD20) from 77 clones, hybridised to all cDNA 
probes and was further studied in chapter 5. 
Chapter 5 
Expression of two cellular genes during adenovirus infection 
Introduction 
As discussed in chapter 4, adenovirus induces the replication of AA V, and AA V 
replication affects the replication and transcription of adenovirus. In the absence of 
AA V, adenovirus ElA gene products activate transcription from viral and cellular 
promoters. In this chapter, a cellular cDNA insert, isolated from a subtracted cDNA 
library enriched for ElA-induced sequences, was characterised by sequencing, 
Southern and Northern analysis. The cDNA clone was induced by adenovirus and 
uninfluenced by AA V. The clone was highly similar to B2 repetitive sequences, which 
have enhanced transcription in transformed cells. 
Adenovirus induction of other cellular genes, thought to influence the intracellular 
environment towards transformation, was also studied in the presence or absence of 
AAV by Northern analysis. Increasing expression of the mRNA for ubiquitin, an 
important protein in the ATP-dependent degradation pathway for damaged, denatured 
or foreign proteins (Ciechanover et al. 1984), was found to be the result of both 
transactivation and post transcriptional regulation fi?.~diated by ElA and ElB during 
adenovirus infection. Increased levels of ubiquitin may ultimately lead to enhanced 
degradation of viral proteins, inducing ·the establishment of a latent infection and 
possible adenovirus-induced transformation. 
Isolation of a cellular gene induced by EJA during adenovirus infection 
The subtracted cDNA library, enriched for sequences induced by E lA, as described in 
chapter 3, was re-examined to isolate cellular sequences, uninfluenced by AA V, and 
induced by adenovirus infection. As discussed in chapter 4, one clone from 77 
differentially screened clones hybrised to cDNA probes made from AA V-free WT 
infected cells and uninfected cells, and not to AA V. This clone, designated pID20, 
was analysed by sequencing, Northern and Southern analyses. 
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Sequence analysis 
The 163 bp insert of pTD20 was sequenced using the pUC sequencing kit as described 
in section 2.2.9. When the sequence (fig 5.1) was compared to the sequences listed in 
the EMBL databank, using the algorithm of Wilbur and Lipman (as discussed in 
chapter 3), there was significant similarity to B2 repetitive sequences (EMBL no. 
18853) at the nucleotide level (similarity 75%). A consensus B2 rodent sequence was 
determined by comparison of 3 individual mouse, 2 rat and 2 hamster copies of the 
sequences (Krayev et al. 1982). The alignment of TD20 to the consensus rodent B2 
sequence is shown in fig. 5.2. 
Southern Analysis 
DNA isolated from uninfected cells, was digested with Pstl or EcoR 1/BamHl before 
electrophoresis through agarose and Southern transferred to a nylon membrane (section 
2.2.6). The membranes were probed with 32p labelled TD20. The intense smearing, 
obvious in fig 5.3, was indicative of a highly repetitive element with dispersed 
organization within the genome. 
Northern analysis ofpTD20 
Initially, RNAs from uninfected and WT infected cells were denatured and transferred 
to nylon membranes before probing with pTD20, as described in section 2.2.4. As 
shown in figure 5.4.a, the transcripts of pTD20 ranged in size from approximately 150 
to 400bps, and were constitutively expressed in uninfected cells. t.!4 
There was a 3-7 fold increase in the level of transcription 40 hours post infection with 
WT (fig. 5.4.b). The membranes were reprobed with a-tubulin to correct for RNA 
loading. The induction was unaffected by AA V coinfection and the transcript was 
similarly induced when serum deprived cells were infected with WT, (demonstrated in 
fig. 5.5), suggesting that the induction of pTD20 was due to WT virus infection. To 
identify the region of adenovirus responsible for the induction, RNA isolated from cells 
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Figure 5.1 Sequence of TD20, 163bps 
so 
TGAACGACTG ACTGACTGCT CTTCCTGAGG TCCTGAGTTC AAATCCCAGC 
100 
ACCACGATGT GTGCTGACAC ATCTGAGTGA GGTCTGATGC CTCTTCTGTG 
150 
TGTCTGAAGA CAGTGACAGT GTACTCACAT ACATGAAATA AATAAATCTT 
TAAAAAAAAA AAA 
Fi~re 5.2 Alignment of the consensus rodent B2 sequence (192bps) with ID20 
(163bps) 
: nucleotide homology 
X 10 20 30 40 50 
GGGCTGGAGAGATGGCTCAGTGGTTAAGAGCACCTGACTGTCCTTCCGAAGGTCCTGAGT B2 
. . . . . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . . . . . . 
TGAACGACTGACTGACTGCTCTTCCTGAGGTCCTGAGT TD20 
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TCAATTCCCAGCAACCACATGGTGGCTCACAACCATCCGTAATGAGATCTGATGCCCTCT B2 
. . . . . . . . . . . . . 
. . . . . . . . . . . . . 
. . . . . . 
. . . . . . 
. . . . . . . . . . . . . 
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TCAAATCCCAGCACCACGATGTGTGCTGACACATCTGAG---TGAGGTCTGATGCCTCTT TD20 
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TCTGGAGTGTCTGAAGACAGCTACAGTGTACTTACATATAATAAATAAATAAATCTTTAA B2 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
CTGT--GTGTCTGAAGACAGTGACAGTGTACTCACATACATGAAATAAATAAATCTTTAA TD20 
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X 
AAAAAAAAAAAA 
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AAAAAAAAAA 
160X 
B2 
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Figure 5.3 Southern analysis of TD20. 
lOµg DNA from uninfected 3°REFs was digested with BamHI 
(B), BamHI and EcoRI (B+E), EcoRI (E) and EcoRI with 
Hincll (H+E), electrophoresed, transferred to a nylon membrane 
and probed with TD20. 
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Figure 5.4. Analysis of induction of TD20 by adenovirus. 
a. 20µg total cytoplasmic RNA was isolated from uninfected (un) and 
WT- infection cells (at indicated times after infection), denatured and 
transferred to nylon membranes, before probing with TD20. 
b. Densitometric comparison of levels of cytoplasmic TD20 during 
infection. EJ TD20 mRNA (relative units) 
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Figure 5.5 Effect of co-infection of cells with AA V and WT, 
and effect of serum deprivation during WT infection, on the 
level of TD20 cytoplasmic mRNA. 
a. 20µg cytoplasmic RNA was isolated from uninfected (un) 
cells, cells with dl 312 (40hrs pi) and cells infected with 
AA V + WT at various times after infection, Northern transferred 
and probed with TD20 cDNA. 
b. 20µg cytoplasmic RNA was isolated from serum deprived 
cells that were uninfected (ss), restimulated with serum (restim) 
or infected with dl 312 (40hrs pi) or WT at various times during 
infection, Northern transferred and probed with TD20 cDNA, 
before reprobing with a-tubulin. 
infected with mutant viruses, was Northern transferred and probed with TD20. As 
shown in fig. 5.6., none of the infections with mutant viruses resulted in a dramatic 
increase in TD20 expression as was detected in WT-infected cells. This result suggests 
that the expression of all genes from the adenovirus early region is required for efficient 
transcriptional activation of TD20. 
Control at the post transcriptional level 
Nuclear run on experiments (section 2.2.3) were used to investigate whether the 
adenovirus-induced increase of low molecular weight RNAs transcribed by B2 
repetitive sequences was due to an increased rate of transcription or post transcriptional 
changes. Nuclei were isolated from infected cells, nascent RNA chains were elongated 
by RNA polymerase, in the presence of a radiolabelled ribonucleotide, and used to 
probe cDNA-containing plasmids immobilized on nylon membranes. As demonstrated 
in fig 5.7 the TD20 repetitive sequence was actively transcribed in cells that were 
uninfected. TD20 sequences were also actively transcribed in cells infected with WT 
adenovirus and with mutants lacking a functional complete ElA, ie 12S, 13S, 12S 
PM961 and hr 3. Transcription was not affected by the lack of a functional ElB 
region, as shown by cells infected with the ElB mutants, dl 338, dl 337. 
In each case, the rate of transcription of TD20 in cells infected with most of the mutant 
viruses was at least double that of the uninfected cells. The WT virus was the most 
efficient at increasing the rate of TD20 transcription by 6 fold. The 12S and 13S 
viruses induced an approximate 4 fold increase. Viruses which contained mutations 
within the 289aa protein, the putative CD3 region, eg hr 3, induced TD20 transcription 
by 2 fold. The virus that contained a mutation within the CD2 region within the 243aa 
protein (12Spm961) induced TD20 expression 5 fold, while the virus that contained a 
mutation within the CD2 region in both ElA proteins (E1Apm928) exhibited WT 
induction. Thus it appears that mutations within the CD2 region do not affect the 
positive induction ability of adenovirus, and mutations within the CD3 region diminish 
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Figure 5.6 Analysis of TD20 cytoplasmic mRNA levels after 
infection with mutant viruses. 
a. 20µg total cytoplasmic RNA from cells uninfected (un), or 
infected with WT, dl 312, 13S, 12S, hr3, 12SPM961 (pm961), 
E1Apm928 (pm928), dl 313, dl 337, dl 338, dl 327, or dl 808, 
25iu/cell, 40hrs pi, was transferred to a nylon membrane and 
probed with labelled TD20, before reprobing with a-tubulin. 
b. Densitometpc comparison of TD20 mRNA levels in the 
cytoplasm of cells infected with different adenovirus mutants 
lEJ pTD20 mRNA 
a. TD20 mRNA levels 40 hrs after mutant virus infection 
WT un dl312 13S 12S hr3pm96lpm928dl313dl337dl338dl327dl808 
a-tubulin reprobe 
b. TD20 cytoplasmic mRNA levels 40 hrs after mutant virus infection 
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Figure 5.7. Effect of Ad mutant infection on transcription rate of TD20. 
Nuclei were isolated from cells 40 hrs after infection with WT, 13S, 
12S, hr3 12Spm961, E1Apm928, dl 337, dl 338, dl 327, dl 808 (25iu) 
and uninfected (un) cells. Nascent RNA chains were elongated in the 
presence of a radiolabelled nucleotide and used to probe ID20 plasmid 
immobilized on a membrane. 
• TD20 transcription level 
the transactivation of TD20 by one third. The E lB mutants increased transcription by 
4.5 fold. An unusual result was obtained during infection with E3 (dl 327) and E4 (dl 
808) mutant viruses. The transcription rate of TD20 was reduced during infection with 
dl 327 and dl 808 in comparison with the WT infected cells, implying that functional 
E lA, E3 and E4 products are necessary for transactivation of TD20. 
When the results of the nuclear run on experiments were directly compared to the 
cytoplasmic mRNA levels, as shown in fig. 5.8, the induction of transcription of TD20 
by the mutant viruses was not reflected in the level of cytoplasmic RNA. Although 
infection with the WT virus showed a clear increase of TD20 RNA found in the 
cytoplasm, as compared to the uninfected control, the level of TD20 RNA within cells 
infected with ElA, ElB, E3 and E4 mutant viruses was reduced to levels ranging from 
8% to 56% of the uninfected control, as demonstrated in table 5.1. The exception to 
this trend is infection with the CD2 mutant, E1Apm928. The mutant appears not to 
affected cytoplasmic levels of TD20 RNA. 
Thus the increase of low molecular RNA transcribed from TD20 repetitive sequences 
at 40 hours after infection with WT, was due to an increased transcription rate of the 
genes. Infection with adenovirus mutants has demonstrated the need for functional 
viral genes from the early region of adenovirus to assist in increasing mRNA stability 
or transport from the nucleus to the cytoplasm, for mutations within the early region 
result in decreased levels of RNA in the cytoplasm. 
Effect of adenovirus infection on ubiquitin expression 
Analysis of ubiquitin RNA levels during adenovirus infection 
Total cytoplasmic RNA from uninfected cells and cells infected with WT virus at 
various times after infection, was Northern transferred to nylon membranes, as 
described in section 2.2.4, probed with the human ubiquitin cDNA and reprobed with 
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Figure 5.8 Relative levels of mRNA and transcription rates of 
TD20 during Ad mutant infection 
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Table 5.1 Induction of the rate of transcription and cytoplasmic RNA levels of TD20 by mutant viruses 
Viruses Mutation induction of transcriptionAB cytoplasmic RNA levelsAC 
wr 6.42 2.950 
13S only 289aa ElA product 3.72 0.262 
12S only 243aa ElA product 4.02 0.200 
hr3 CD3 mutation in 289aa product 2.25 0.086 
12Spm961 CD2 mutation in 243aa product 5.33 0.310 
E1Apm928 CD2 mutation in E 1 A products 6.23 1.035 
d1337 no ElB 21S protein 4.5 0.430 
d1338 no E lB 55S protein 4.44 0.110 
d1327 noE3 0.6 0.560 
d1808 noE4 0.91 0.276 
A Level of induction compared to uninfected control 
B Data fron1 figure 5.7 \ 
C Data from figure 5.6 
' I 
a-tubulin. As shown in fig 5.9, the ubiquitin probe hybridised to two major 
transcripts of 2.52kb and 1.1kb, and a minor transcript of 0.6kb. These sizes agree 
well with the rat and human transcripts described previously (Latchman et al. 1987, 
Wiborg et al. 1985). The major RNAs of 2.52kb and 1.1kb, code for tandem repeats 
of the 76aa protein transcribed from the polyubiquitin genes Ub C and Ub B, 
respectively and the minor RNA of 0.6kb codes for a single-copy-ubiquitin fusion 
protein transcribed from Ub A genes (Wiborg et al. 1985, Baker and Board 1987, 
Lund et al. 1985). During the course of adenovirus infection, levels of Ub B 
cytoplasmic RNA increased, while levels of Ub C cytoplasmic RNA increased then 
decreased. This trend is shown in figure 5.10. The difference between Ub Band Ub C 
RNA levels is most dramatic at 40hrs post infection, (an 8 fold difference). There is an 
1.6 fold difference between Ub B and Ub C mRNA in uninfected cells, while dl 312 
infected cells contained equivalent amounts of Ub B and Ub C mRNA. This result 
implies that adenovirus infection increases the level of Ub C mRNA during the early 
stage of infection, followed by a gradual reduction of Ub C RNA. At the same time, 
Ub B RNA gradually increases during the course of infection. 
To investigate whether the preferential accumulation of Ub B RNA was due to post 
transcriptional regulation, nuclear and cytoplasmic RNA was isolated at various times 
during infection, Northern transferred and probed with ubiquitin cDNA. As shown in 
fig. 5.11.a, the cytoplasmic RNA levels of Ub B and Ub C were similar until 20hrs 
post infection, when Ub B levels increased significantly. Ub B nuclear RNA levels 
were always increased in comparison to Ub C nuclear levels (fig 5.11.b), and there 
was no major increase of expression of either nuclear Ub B or Ub C mRNA levels. 
This result suggests that Ub B is transcribed at a greater rate than Ub C, although this 
is only reflected at the cytoplasmic level during adenovirus infection. Perhaps the 
transport of Ub B mRNA to the cytoplasm is normally repressed, and this repression is 
relieved during adenovirus infection. Alternatively, perhaps cytoplasmic Ub B mRNA 
is stabilised during adenovirus infection. 
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Figure 5.9 Expression of ubiquitin during WT infection 
20µg total cytoplasmic RNA was isolated from uninfected 
(un) cells, cells infected with dl 312, and cells infected with 
WT at various times after infection. After transfer to a nylon 
membrane, the RNA was probed with ubiquitin cDNA, then 
reprobed with a-tubulin. 
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Figure 5.10 Levels of cytoplasmic ubiquitin mRNA during WT infection 
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Figure 5.11 Expression of ubiquitin during adenovirus infection. 
a. Levels of Ub B and Ub C mRNA in the cytoplasm during 
infection with WT at 0, 20, 40 hrs pi, and infection with dl 312 
(40hrs pi). 
i. N orthem analysis 
ii. Relative comparisons 
m- Ub C cytoplasmic mRNA 
Ub B cytoplasmic mRNA 
b. Levels of nuclear Ub B and Ub C mRNA during WT infection. 
i. Northern analysis 
ii. Densitrometric comparisons 
• Ub C nuclear mRNA 
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To identify the regions of adenovirus responsible for the induction of Ub B RNA 
levels, nuclear and total cytoplasmic RNA isolated from cells infected with adenovirus 
mutants for 40hrs, was Northern transferred and probed with the ubiquitin cDNA. As 
shown in fig.5.12.a., the induction of cytoplasmic Ub B RNA over Ub C (2.4 fold) 
was most prominent during WT infection. Uninfected and dl 312-infected cells 
contained comparable levels of Ub B to Ub C. Infection with the other ElA mutants, 
12S and 13S, showed an increase of 1.2 and 1.5 fold of Ub B levels, respectively, 
when compared to Ub C levels. Infection with the ElB mutant, dl 313, showed a 
similar increase, while infection with the E3 and E4 mutants (dl 327 and dl 808) 
resulted in an increase of 2.3 and 1.8 fold, respectively, more closely resembling the 
induction of Ub B by WT infection. This experiment suggests that the selective relative 
increase of Ub B mRNA levels in the cytoplasm is dependent on a functional ElA and 
E lB unit, and the presence of a functional E3 and E4 unit is not an absolute 
requirement. 
In this particular experiment, the level of cytoplasmic ubiquitin RNA was 
extra~rdinarily high in uninfected cells. Previous experiments have revealed low levels 
of cytoplasmic ubiquitin RNA in uninfected cells when compared to levels in WT 
infected cells. The high levels within uninfected cells may reflect a variable N orthem 
transfer (although this was not obvious after a-tubulin reprobing). Alternatively, 
perhaps the flasks of uninfected cells were uniquely exposed to an environmental 
stress, eg. pH changes within the media or temperature differences, leading to an 
induction of stress proteins, including ubiquitin. All cells were handled in the same 
way within each experiment, so a definitive explanation of the increase in cytoplasmic 
ubiquitin levels in uninfected cells is not possible. 
The rate of ubiquitin transcription was not significantly altered from the uninfected level 
during virus infections. The level of nuclear Ub B mRNA was consistently at least 2 
fold higher than the nuclear Ub C RNA levels during all mutant virus infections, as 
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shown in fig 5.12.b, reflecting an increased relative rate of transcription. The 
increased level of RNA was only demonstrated in the cytoplasm of cells infected with a 
virus containing a functional ElA and ElB unit. 
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The rate of ubiquitin transcription was investigated in serum-deprived cells, infected 
with adenovirus mutants, by nuclear run on experiments. While it was not possible to 
differentiate between ubiquitin transcripts, there was a clear increase of the rate of 
transcription of ubiquitin in infected cells when compared to uninfected cells, as 
depicted in fig. 5.13. WT infection appeared to be the most efficient at inducing 
ubiquitin transcription, although viruses lacking functional ElA products (12S, 13S, 
E1Apm928 and hr3), ElB products (dl 313, dl 338, dl 337) and E4 products (dl 808) 
were able to increase the rate of transcription of ubiquitin, compared to the uninfected 
control. The anomaly in this experiment was the higher than expected induction of 
ubiquitin transcription by 12Spm961 infection. The 12Spm961 virus contains a 
mutation within the CD2 region within the 243aa protein. The expected induction 
would resemble the induction by E1Apm928 infection, as this virus also contains a 
mutation within CD2. Repeat experiments need to be performed to judge the validity of 
these results. The obvious trend, however, is that adenovirus infection stimulates the 
rate of ubiquitin transcription by at least two fold in the absence of serum. 
Thus it appears that in the presence of serum, adenovirus infection does not increase 
the overall transcription rate of ubiquitin, as judged by nuclear RNA levels. 
Adenovirus infection results in the selective increase of Ub B RNA levels, as opposed 
to Ub C RNA levels in the cytoplasm, which reflects the constitutively increased Ub B 
transcription rate in the nucleus. The increase of Ub B mRNA levels in the cytoplasm 
is dependent on the expression of functional ElA and ElB products. In the absence of 
serum, adenovirus infection increases the overall rate of ubiquitin transcription. 
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Figure 5.12 Induction of Ubiquitin mRNA during mutant virus 
infection 
a. 20µg total cytoplasmic RNA was isolated from uninfected cells 
and cells infected with WT, dl 312, 12S, 13S, dl 313, dl 327, dl 
808 40 hrs pi, transferred to nylon membranes and probed with 
ubiquitin cDNA. 
i. Northern analysis 
ii. Densitometric comparison 
e Ub C cytoplasmic mRNA levels 
111 Ub B cytoplasmic mRNA levels 
b. 20µg total nuclear RNA was isolated from the same cells as 
above 
i Northern analysis 
ii Densitometric comparison 
g Ub C nuclear mRNA 
Ell Ub B nuclear mRNA 
Ub C-
Ub B-
Ub C-
Ub B-
a. Induction of cytoplasmic Ubiquitin mRNA by mutant viruses 
i. Northern analysis 
un WT dl312 12S 13S dl313 dl327 dl808 
0 
> 
..... 
..... 
~ 
........ 
0 
~ 
ii Relative comparison. 
30 -r-~~~~~~~~~~~-. 
un WT dl 312 12S 13Sdl 313dl 327dl 808 
Viruses ( 40pi) 
b. Induction of nuclear Ubiquitin mRNA by mutant viruses 
i. Northern analysis ii Relative comparison. 
un WT dl312 12S 13S dl313 dl327 dl808 50.......---------------, 
t,J 
..... 
..... 
40 
§ 30 
0 
> 
..... 
..... 
~ 
d3 20 ~ 
10 
un WT dl 312 12S 13S di 313 dl 327dl 808 
viruses ( 40 hrs pi) 
ti.I en en 
-
00 ("") ("") 00 r- 00 ti.I N ("") \C N 
.E - ("") ("") 0 
- - °' °' 
("") ("") ("") 00 
e e 
- - - -p. 0. "O '"O '"O "'O 
en < N 
-- U.l 
Virus (40hrs pi) 
Figure 5.13 Transcription rate of ubiquitin during Ad mutant infection. 
Nuclei were isolated from serum deprived cells infected with WT, 12S, 
13S, 12Spm961, E1Apm928, hr3, dl 313, dl 338, dl 337, dl808 40 hrs 
pi. Nascent RNA chains were elongated by RNA polymerase in the 
presence of a radiolabelled ribonucleotide, and used to probe ubiquitin 
cDNA immobilized on a nylon membrane. 
Ill Relative ubiquitin transcription rate 
Discussion 
B2 repetitive sequences 
B2 repetitive sequences were initially described by Kramerov and his colleagues 
( 1979), as a class of abundant sequences of heterogeneous nuclear RN A (hnRN A) in 
the murine genome, that were able to form double-stranded structures after melting. 
Consequently, this class of repeat sequences were estimated at approximately 5x104 
gene copies per genome (Kramerov et al. 1982). Sequence analysis revealed that the 
B2 sequence is 190bps and contains regions of homology to the RNA polymerase III 
promoter (Krayev et al. 1982). There is an AT rich 3'region followed by a functional 
polyadenylation signal. The presence of flanking 15-16bp direct repeats suggested that 
the B2 elements are a class of transposable elements (Kramerov et al. 1982). B2 
sequences represented 1-1.5% of total murine cytoplasmic poly A+ RNA from mouse 
liver (Ryskov et al. 1983). Only one strand of the B2 sequences, possessing the RNA 
polymerase III promoter and terminator sequences as well as the polyadenylation 
signal, is represented in cytoplasmic RNA in mouse tissues (Ryskov et al. 1983 , 
1985). The sequences were found in three forms, either as small RN A of 
approximately 200-300bps, at the 3'tenninus of high molecular weight mRNA, or as 
hnRNA constituents of RNA polymerase II transcripts (Ryskov et al. 1983). 
B2 elements were found in other rodent genomes. Highly similar sequences were 
found in Chinese hamster DNA (Haynes and Jelinek 1981). Page and his colleagues 
(1981) detected a B2 sequence within the rat somatotropin gene. B2 elements were 
also found predominantly at the 3' terminus of a wide variety of genes, including genes 
for rat intestinal fatty acid binding protein, rat androgen binding protein, mouse ~-
glucuronidase, mouse RNA polymerase II large subunit, mouse urokinase-type 
plasminogen activator protein, mouse skeletal muscle phosphorylase kinase and mouse 
MHC class 1 H2-D (Sweetser et al. 1987, Joseph et al. 1988, D'Amore et al. 1987, 
Corden et al. 1985, Degen et al. 1988, Bender and Emerson 1987, Kress et al. 1984) . 
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Although B2 sequences are found within other genes and transcribed as part of the 
genes by RNA polymerase II, small B2 RNA are actively synthesised by RNA 
polymerase ill and not produced as a side product of processing hnRNA (Lekakh et al. 
1984, Kramerov et al. 1985, Singh et al. 1985a). 
B2 elements may identify mRNAs that are activated in oncogenes1s and 
embryogenesis, although their role is uncertain. Murphy and his colleagues (1983) 
showed that the level of B2 RNA sharply increased at the 9-10 day stage of mouse 
embryogenesis, and that the level of B2 sequences in cytoplasmic poly A+ RNA from 
undifferentiated embryonal carcinoma cells decreased upon differentiation. Enhanced 
levels of cytoplasmic B2 RNA were detected after stimulation of quiescent mouse 
fibroblasts by serum (Edwards et al. 1985). The transcription levels of B2 RNA were 
increased in a wide variety of murine transformed cell lines and tumours, compared to 
normal tissues (Ryskov et al. 1985, Grigoryan et al. 1985). SV40 transformed murine 
cell lines contained enhanced levels of B2 transcripts compared to the untransformed 
parental cell line (Singh et al. 1985a). B2 sequences were also found to be more 
abundantly expressed in a number of rat transformed cell lines (Kohnoe et al. 1987). 
The induction of B2 sequences in a variety of transformed cell lines implies that the 
increased levels of B2 elements may function in the maintenance of the transformed 
state. Perhaps the transcription and/or retrotransposition of these repetitive sequences 
may affect the expression and function of essential regulatory genes, as suggested by 
Grigoryan and his colleagues (1985). The small B2 RNA have been found in 
association with some mRNA in cytoplasmic ribonucleoproteins and associated with 
the cytoskeleton (Kramerov et al. 1985). 
The present study shows that transcription of B2 repetitive sequences is induced during 
adenovirus infection. Two lines of evidence support this conclusion. Firstly, a cDNA 
clone (TD20), significantly similar to B2 sequences, was isolated by differential 
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screening of a subtracted library. The library, enriched for cellular sequences induced 
by ElA during adenovirus infection, was screened differentially using cDNA probes 
from ElA+ and ElA- -infected cells, thus TD20 was likely to represent ElA-induced 
B2 sequences. Southern analysis of ID20 within uninfected rat DNA showed intense 
smearing indicative of a repetitive sequence. 
The second more direct line of evidence that B2 sequences are induced during 
adenovirus infection stems from Northern analysis. A heterogeneous group of 
B2/fD20 transcripts, ranging in size from 150 to 400bps, increase in abundance 40 hrs 
after WT adenovirus infection. E lA alone was not responsible for the induction, as 
infection with mutants containing a viable ElA unit, but lacking functional ElB, E3 or 
E4 units failed to induce the transcription of the B2 sequences, implying a novel 
transactivating function (directly or indirectly) for E3 and E4 products. Alternatively, 
perhaps the induction of TD20 transcription was dependent on expression from the 
major late genes. Transcription from the major late promoter (11LP) occurs after the 
commencement of viral DNA synthesis, which is delayed during mutant virus 
infection. 
Investigation of the rate of transcription of B2/fD20 revealed that infection with WT, 
ElA- and EIB- mutants increased the rate of transcription above the uninfected control. 
Viruses that contained mutations within the E IA putative CD3 domain had decreased 
efficiency of transactivation, and all viruses were not as efficient as WT. Interestingly, 
the reduced rate of transcription during E3 and E4 mutant infection, compared to 
uninfected control, once again implies that functional E3 and E4 proteins are necessary 
for transactivation of ID20. 
While the transcription rate of TD20 increased during infection with WT, EIA- and 
E 1 B - mutants compared to uninfected controls, this increased rate led to a 
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corresponding increase in the level of TD20 cytoplasmic RNA only in WT infected 
cells, suggesting that functional viral early gene products are required to aid in 
increasing mRNA stability or transport from the nucleus to the cytoplasm. Such 
functions have already been assigned to the ElB and E4 proteins (as discussed in 
chapter 1). 
It is not surprising that adenovirus infection induces the expression of B2 sequences. 
As mentioned above, it is well documented that B2 sequences are transcribed by RNA 
polymerase ill. A number of investigators have shown that the ElA products enhance 
RNA polymerase ill transcription. Gaynor and his colleagues (1985) showed an 
increase of transcription of transfected tRNA genes, viral VA-I and VA-II genes during 
infection. These genes are transcribed by RNA polymerase III. The transcription of 
endogenous cellular genes (tRNA and 5S RNA) was not stimulated. Nuclear extracts 
of infected cells isolated early in infection were found to have an increased capacity for 
RNA polymerase III transcription of exogenous VA RNA genes, 5S RNA and tRNA 
genes (Hoeffler and Roeder 1985). This increased capacity was due to the increased 
activity of the limiting cellular transcription factor me (TFIIIC) (Yoshinaga et al. 
1986). The studies to date only show increased transcription of exogenous genes by 
RNA polymerase III. The present study provides direct evidence that adenovirus 
infection stimulates the transcription of an endogenous gene transcribed by RNA 
polymerase III. 
After isolation of B2 sequences by differential screening of a library made from heat 
shocked chinese hamster cells, B2 RNA levels were also shown to increase after heat 
shock and DNA damaging agents (Fornace and Mitchell 1986, Fornace et al. 1989a). 
Other members of heat shock responsive genes, eg. ubiquitin, were isolated from the 
library and found to be coordinately induced by heat shock (Fomace et al. 1989b). The 
effect of adenovirus infection on the expression of ubiquitin was further investigated. 
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Ubiquitin expression during adenovirus infection 
Ubiquitin is a 76 amino acid protein that is conserved in all eukaryotic cells, implying a 
fundamental role in cell function. While ubiquitin is located as a monomer in cells, it is 
also conjugated to many proteins including histones 2A and 2B, and plasma membrane 
proteins, eg. lymphocyte homing receptor and the receptor for platelet-derived growth 
factor (Goldknopf and Busch 1977, West and Bonner 1980, Yarden et al. 1986, 
Siegelman et al. 1986). It has also been reported that ubiquitin has intrinsic proteolytic 
activity (Fried et al. 1987). One of the more important roles of ubiquitin is as a 
component in the ATP-dependent nonlysosomal protein degradation pathway, 
responsible for the degradation of damaged, denatured or short-lived proteins. This 
pathway is important in the heat shock response of eukaryotic cells. Ubiquitin is 
coordinately induced as a major mRNA transcript with the other major heat shock 
protein transcripts in heat stressed chicken embryo fibroblasts, chinese hamster cells 
and yeast cells (Bond and Schlesinger 1985, Fornace et al. 1989a,b, Finley et al. 
1987). Adenovirus infection induces the transcription of heat shock protein genes and 
the induction is dependent on ElA expression (Kao and Nevins 1983, Wu et al. 1986, 
Simon et al. 1987). The close relationship between the induction of heat shock 
proteins and ubiquitin during stress warranted investigation of the effect of adenovirus 
infection on the expression of ubiquitin. 
Three transcripts of ubiquitin are detected in rodent cells, similar to those detected in 
yeast, chicken and human (Fornace et al. 1989b, Taccioli et al. 1989, Bond and 
Schlesinger 1985, Baker and Board 1987). The two major transcripts of 
approximately 2.5kb and 1kb are transcribed from two genes, Ub C and Ub B 
respectively. These genes code for variable tandem repeats of the 76aa ubiquitin 
monomer. The third 0.6kb mRNA is transcribed from a ubiquitin fusion gene, Ub A. 
The Ub A genes code for a single ubiquitin monomer fused to either 52 or 76-80 amino 
acid peptides, which have recently been identified as members of a group of ribosomal 
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proteins. The transient association between ubiquitin and the ribosomal proteins is 
necessary for their incorporation into nascent ribosomes (Finley et al. 1989, Redman 
and Rechsteiner 1989). Others have shown that transcription from Ub A is not induced 
by heat shock or other stress (Finley et al. 1989, Taccioli et al. 1989). 
Adenovirus infection induces the level of Ub B RNA within the cytoplasm. To 
investigate whether the transcription rate of Ub B was increased compared to Ub C, the 
levels of Ub B and Ub C within nuclear RNA were characterised. The alternative 
experiment to gain information about transcription rate (nuclear run on experiments) 
would not distinguish between the different ubiquitin genes. The results suggest that 
Ub B is constitutively transcribed at a higher rate than Ub C. In uninfected cells, the 
levels of Ub Band Ub C mRNA were equivalent at the cytoplasmic level, however, 
during adenovirus infection Ub B mRNA levels increased over Ub C levels in the 
cytoplasm. The greatest difference between cytoplasmic Ub B to Ub C levels occurred 
during WT infection, decreasing slightly with mutants lacking a functional E3 and E4 
region and decreasing more significantly with ElA and ElB mutants. Thus, the 
increase of levels of cytoplasmic Ub B mRNA relative to Ub C levels relied on 
functional E lA and E lB transcription units. This may be another example of E lA 
products inducing transcription of ElB products, which act to specifically increase the 
stability or transport of the Ub B transcript. Thus, the results suggest that while there 
may be an increase in transcription of ubiquitin overall during adenovirus infection in 
serum-deprived cells, adenovirus does not elevate the transcription rate of the 
individual ubiquitin genes during infection of REFs in the presence of serum. Instead, 
the transport or stability of ubiquitin mRNA is selectively affected, leading to an 
increase of Ub B mRN A levels, and/or a reduction of Ub C mRN A levels in the 
cytoplasm. 
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The selective induction of cytoplasmic Ub B levels during herpes simplex virus (HSY) 
infection, dependent on the expression of the immediate early viral gene ICP4, has 
been shown by Latchman and his colleagues ( 1987). Functional ICP4 protein is 
essential for the transactivation of viral genes and certain cellular genes (Personn et al. 
1985, Patel et al. 1986). Evidence was presented that the transcription rate of ubiquitin 
was increased during HSY infection, however it was not possible to discriminate 
between the transcription rates of Ub B and Ub C (Latchman et al. 1987). It is not 
known whether the induction of cytoplasmic ubiquitin mRNA levels by HSY is 
mediated through the induction of common regulatory transcription elements or 
changes in RNA transport or stability. 
As mentioned above, ubiquitin is induced as a consequence of heat shock (Bond and 
Schlesinger 1985, Fornace et al. 1989a,b, Finley et al. 1987). The upstream region of 
a number of polyubiquitin genes contain the consensus heat shock element sequence 
(Ozkaynak et ·al. 1987, Bond and Schlesinger 1986, Swindle et al. 1988). Adenovirus 
induces the major HSP70 mRNA, at the level of transcription, mediated by the ElA 
gene products (Nevins 1982, Kao and Nevins 1983, Wu et al. 1986, Simon et al. 
1987). On closer examination of the HSP70 promoter sequence requirements for ElA-
mediated transactivation, it was found that a basal transcription complex of elements 
that interact with CCAAT transcription factor, SPl, TFIID and ATF/APl-like factors 
was necessary for ElA transactivation (Williams et al. 1989). Mutations within any 
transcription element sequence did not abolish ElA-inducibility, but reduced ElA-
induced levels and the basal transcription levels. The heat shock element was not 
necessary for ElA-transactivation. Thus the induction of HSP by ElA products and 
heat stress is mediated by different transcription complexes. The lack of ElA-
inducibility through the heat shock element, lends support to the suggestion that E lA 
does not induce ubiquitin transcription. However, it should be noted that the presence 
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of other common transcription elements within the ubiquitin promoter has not been 
investigated. 
Swnmary 
The effect of adenovirus infection on the expression of two cellular sequences, B2 and 
ubiquitin, was investigated. B2 sequences were isolated from a subtractive cDNA 
library, enriched for ElA-induced cellular sequences. The level of cytoplasmic B2 
RNA increased during adenovirus infection, due to an enhanced transcription rate. It is 
well documented that B2 sequences are transcribed by RNA polymerase III, therefore 
this study presented evidence that adenovirus induces RNA polymerase III 
transcription of an endogenous gene. Functional ElA, ElB, E3, and E4 regions were 
required for efficient transactivation and transport (or stabilisation) of B2 mRNA from 
the cytoplasm to the nucleus. Perhaps induction of B2 sequences is dependent on MLP 
expression, which begins after expression of all early genes and after viral DNA 
synthesis. The function of the B2 sequences is unknown, but the appearance of 
increased levels of B2 sequences is a common feature in transformed cells lines and 
during embryogenesis, implying an important role in cell growth. 
The transcription rate of ubiquitin was unaffected by adenovirus infection of REFs in 
the presence of serum. There was a differential appearance of the two major ubiquitin 
transcripts in the cytoplasm during infection, which could be due to the selective 
stabilisation or transport of one of the transcripts, mediated by the ElA and ElB 
products. The experiments need to be repeated to ensure that the difference in 
expression is mediated by adenovirus infection and not merely by exposure to unique 
environmental stresses during an experiment This differential expression of one of the 
ubiquitin gene products has been previously described during HSY infection. This 
phenomena, in infected semi-permissive cells, may result in an increase in the activity 
of the ubiquitin degradation pathway, leading to increased degradation of foreign viral 
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structural proteins and thus, an aborted lytic cycle. Perhaps this would aid the 
establishment of a transformed state. 
I 
Chapter 6 
Discussion and conclusions 
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Discussion 
The technique of subtractive hybridisation was used in the construction of a subtracted 
cDNA library and subsequent differential screening, to isolate cellular genes induced by 
ElA products during adenovirus infection of semi-permissive primary rodent cells. A 
small proportion of cells survive the encounter with the virus and become transformed, 
thus the putative cellular transcripts induced during infection, and isolated through the 
differential screening may be important in the establishment of a transformed 
phenotype. 
Transformation does not occur in the absence of products from the early El region of 
adenovirus. The El region contains two transcription units, ElA and ElB. Rat cells 
transformed by the ElA region alone possess an immortalised phenotype (Houweling 
et al. 1980, Ruley 1983). The expression of ElB without ElA is not sufficient for 
transformation. Transformation of primary cells with E lA and E 1 B result in an 
oncogenic phenotype, characterised by anchorage-independent cell growth and the 
ability to form tumours in syngeneic· animals. 
The ElA products are able to activate the transcription of other viral early genes and 
have been documented to trans-activate transcription of certain cellular genes, eg. heat 
shock protein 70 (Kao and Nevins 1983). ElA gene products repress enhancer-
mediated transcription from cellular genes, eg. the immunoglobulin heavy chain during 
infection of plasmocytoma cells (Hen et al. 1985), and viral genes, eg. repression of 
transcription from the SV40 early promoter in transient expression assays (Velcich and 
Ziff 1985). The ElA polypeptides also have mitogenic activity, inducing cellular DNA. 
synthesis and mitosis (Bellett et al. 1985, Kaczmarek et al. 1986a, Zerler et al. 1987, 
Bellett et al. 1989). Due to the ability of ElA products to influence the expression of a 
variety of cellular gene products, including regulatory proteins, E IA products are 
central to the process of oncogenic transformation by adenoviruses. 
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Other investigators have isolated cellular sequences influenced by ElA through 
subtractive hybridisation. Hara and coworkers (1988) isolated several cDNA clones of 
cellular genes whose expression was repressed by adenovirus type 12 ElA gene 
products. They prepared a cDNA library from a rat 3Yl (rat embryo fibroblast) cell 
line and differentially screened the library with labelled cDNA probes prepared from 
3Yl cells and a derivative cell line expressing ElA proteins constitutively. The 
expression of clones which preferentially hybridised to the cDNA probe from the 3Y 1 
cells was analysed during cell-cycle progression from GO to G 1 to S phase and in the 
presence of growth factors. Two clones were found to decrease transcriptionally in 
expression, after the addition of growth factors and/or the induction of the E lA gene. 
One of the clones was identified through sequence analysis as a fibronectin transcript, 
the level of which is lowered in ElA transformed cell lines (Roberts et al. 1985). 
Thus, ElA-induced transformation may be the result of a culmination of many complex 
cellular interactions, including the induction of expression of certain genes and the 
reduction of expression of others. 
To isolate cellular transcripts induced in transformed cells, Kao and Nevins (1986) 
constructed a cDNA library from poly A+ RNA from 293 cells (adenovirus-transformed 
human embryo kidney cells, Graham et al. 1977). The library was screened with a 
radiolabelled cDNA probe that was prepared from 293 poly A+ RNA, hybridised to a 
large excess of RNA from a human embryonic kidney (HEK) cell line and passaged 
twice through hydroxylapatite. A number of cDNA sequences were isolated that 
represented mRNAs expressed at a higher level in 293 cells than in HEK cells. 
However, in consideration of the long history of 293 cells and the distant relationship 
between 293 cells and HEK cells, it is possible that the elevated sequences may be 
unrelated to the original ElA-induced transformation events and may be the result of an 
extreme phenotype. 
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The aim of the present study was to isolate cellular genes whose expression is induced 
by the E lA products during the early stages of infection, and may be important in 
transformation progression. cDNA was synthesised from poly A+ RNA from G 1-
arrested REFS 40 hours after infection with WT, and hybridised with a 10 fold excess 
of poly A+ RNA isolated from cells 40 hrs after infection with a mutant virus which 
lacks the ElA region (dl 312). Included in the hybridisation was an excess of 
adenoviral DNA. Single-stranded cDNAs, presumably representing unique cellular 
sequences induced by E lA products, were isolated after passage through a 
hydroxylapatite column and cloned into pUC 9, before transformation of bacteria, 
resulting in a subtracted cDNA lib~ary, enriched for ElA-induced cellular sequences. 
After screening of the library with cDNA probes constructed from either WT infected 
REFs (the positive probe) or dl 312 infected REFs (the negative probe), clones were 
chosen that hybridised strongly to the positive probe, and negligibly to the negative 
probe. These clones were probed with adenoviral DNA, and did not hybridise to the 
probe, suggesting that any adenovirus cDNA sequences had hybridised to the excess of 
adenoviral DNA during the construction of the subtracted library and were removed by 
binding to the hydroxylapatite column. 
The selected clones were also screened with the thymidine kinase gene, and did not 
show any homology to this gene. Thymidine kinase activity and mRN A levels in 
rodent cells increase approximately 3-4 fold after Ad5 infection. This increase is E lA 
dependent (Cheetham and Bellett 1982, Braithwaite et al. 1983). The lack of 
sequences homologous to the thymidine kinase gene among the induced clones 
suggests that the technique of subtractive cDNA cloning is not sensitive to minor 
inductions of transcripts. The cDNA from WT infected cells, used to make the library, 
was hybridised to a 10 fold excess of poly A+ RNA from dl 312 infected cells, which 
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constitutively express a basal level of thymidine kinase. Thus it is likely that the slight 
induction of thymidine kinase cDNA was masked by the excess of thymidine kinase 
mRNA present at the hybridisation stage of library construction. It is possible that any 
cDNA representing constitutively expressed cellular transcripts tightly regulated in the 
absence of E lA, but slightly induced in the presence of E lA, eg. B-tubulin (Stein and 
Ziff 1984), will be absent from the subtracted library, due to hybridisation to 
homologous mRNA present in excess, and removal by binding to the hydroxylapatite 
column used in library construction. 
A proportion of differentially screened clones were characterised by restriction 
enzyme analysis, Northern analysis and sequencing. The inserts of eighteen cDNA 
clones ranged from 1kb to 0.13kb. The small sizes of the inserts may be a function of 
degradation during synthesis of the cDNA and during subtractive hybridisation. An 
alternative possibility is that the ligations were biased towards small insert fragments 
due to the higher molar ratio of small inserts and the lack of size fractionation of the 
cDNA before ligation. Plasmids with small inserts also have a greater transforming 
ability. Eighteen clones were subject to Northern analysis. Six of eighteen clones 
hybridised to multiple species of poly A+ RNA from WT infected cells and not to poly 
A+ RNA from dl 312 infected cells. Homology to adeno-associated virus (AA V) was 
detected through sequence analysis of four of the six cDNA inserts. 
The adeno-associated viruses are members of the family Parvoviridae, and are 
dependent on coinfection with a helper virus (adenovirus, vaccinia, herpes simplex 
virus or human cytomegalovirus) for productive infection (Atchison et al. 1965, Rose 
and Koczot 1972, Schlehofer et al. 1986, Buller et al. 1981, McPherson et al. 1985). 
In the absence of a helper virus, AA V penetrate to the cell nucleus, where the DNA is 
uncoated and integrated efficiently into the genome. AA V can exist as a provirus for 
many cellular generations until rescue with a helper virus (Hoggan et al. 1972, Berns et 
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al. 1975, Randa et al. 1977). AA V was present in the adenovirus stocks used to infect 
the cells that were used in the cDNA library construction. It is believed that the 
contamination originated from some latently infected cell lines used to propagate viral 
stocks. 
The presence of AA V during adenovirus infection of REFs complicates the 
investigation of cellular genes induced by ElA during infection. Co-infection of AA V 
with adenovirus results in a marked inhibition of adenovirus replication (Carter et al. 
1979). The mechanism for this inhibition is unknown, although it can be overcome by 
infection with higher multiplicities of adenovirus, or preinfection of cells with 
adenovirus before infection with AA V (Hoggan et al. 1966, Parkes et al. 1968). This 
suggests a competition for cellular factors involved in DNA synthesis. 
AA V can also inhibit adenovirus transformation and oncogenicity. AA V reduced the 
level of transformation of hamster embryo cells by adenovirus type 12 in tissue culture 
and reduced the oncogenicity of adenovirus-transformed hamster cell lines (Casto and 
Goodheart 1972, Ostrove et al. 1981). AA V coinfection inhibited adenovirus 
tumourigenesis in neonatal hamsters by 50% (de la Maza and Carter 1981). 
Adenovirus oncogenicity was inhibited by AA V DI particles and sheared infectious 
viral DNA, suggesting that the termini of AA V DNA are involved in inhibition (Cukor 
et al. 1984). Although the mechanism of AA V inhibition of viral transformation is not 
known, it may involve negative regulation of adenoviral gene expression. The AA V 
rep gene products are known to inhibit a variety of enhancer/promoter elements during 
stable and transient DNA plasmid transfections (Labow et al. 1986, 1987, Tratschin et 
al. 1986, Trempe and Carter 1988b). The inhibition of transformation by AA Vis not 
absolute, thus the library was rescreened for cellular sequences induced during 
adenovirus infection in the presence or absence of AA V. 
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AA V sequences were identified in 71 % of the clones that showed differential 
hybridisation in the original differential screenings. The remaining clones were 
rescreened with cDNA probes from WT infected cells and dl 312 infected cells. A 
clone was identified as cellular, and through Northern analysis, induced at the mRNA 
level during adenovirus infection in the presence or absence of AA V. After sequencing 
the cDNA insert, it was identified as a member of the B2 repetitive sequences (75% 
homology to the consensus sequence). This class of repeat sequences is estimated at 
approximately 5xlo4 gene copies per genome (Kramerov et al. 1982). The consensus 
B2 sequence is 190bps and contains regions of homology to the RNA polymerase ill 
promoter (Krayev et al. 1982). There is an AT rich 3'region followed by a functional 
polyadenylation signal. The presence of flanking 15-16bp direct repeats suggested that 
the B2 elements are a class of transposable elements (Kramerov et al. 1982). 
The sequences are found in three forms, either as small RNA of approximately 200-
300bps, at the 3' terminus of high molecular weight mRNA, or as hnRNA constituents 
of RNA polymerase II transcripts (Ryskov et al. 1983). Although B2 sequences are 
found within other genes and transcribed as part of the genes by RNA polymerase II, 
small B2 RNA are actively synthesised by RNA polymerase III and not produced as a 
side product of processing hnRNA (Lekakh et al. 1984, Kramerov et al. 1985, Singh 
et al. 1985a). 
The function of B2 sequences is unknown. The transcription levels of B2 RNA were 
increased in a wide variety of murine transformed cell lines and tumours, compared to 
normal tissues (Ryskov et al. 1985, Grigoryan et al. 1985). SV40 transformed murine 
cell lines contained enhanced levels of B2 transcripts compared to the untransformed 
parental cell line (Singh et al. 1985a). B2 sequences were more abundantly expressed 
in a number of rat transformed cell lines (Kohnoe et al. 1987). The induction of B2 
sequences in a variety of transformed cell lines implies that the increased levels of B2 
109 
elements may function in the maintenance of the transformed state. The transcription 
and/or retrotransposition of these repetitive sequences may affect the expression and 
function of essential regulatory genes, leading to deregulation of the cell cycle 
(Grigoryan et al. 1985). After isolation of B2 sequences by differential screening of a 
library made from heat shocked chinese hamster cells, B2 RNA levels were also shown 
to increase after heat shock and DNA damaging agents (Fornace and Mitchell 1986, 
Fornace et al. 1989a). 
Adenovirus infection increases the expression of B2-related sequences at 30 to 40hrs 
pi. This may not be an indication of transformation progression, but may reflect a 
general increase of the expression of genes transcribed by RNA ill polymerase. A 
number of investigators have shown that the ElA products enhance RNA polymerase 
III transcription (Gaynor et.al. 1985, Hoeffler and Roeder 1985). This increased 
transcription is due to the increased activity of the limiting cellular transcription factor 
IIIC (TFIIIC) (Yoshinaga et al. 1986). The studies to date only show increased 
transcription of exogenous transfected genes by RNA polymerase III. The present 
study provides direct evidence that adenovirus infection stimulates the transcription of 
an endogenous gene transcribed by RNA polymerase III. 
Thus, the identification of a cDNA clone as a B2-related sequence, provides evidence 
that the library is enriched for ElA-induced sequences, as ElA induces RNA 
polymerase III activity, and B2 sequences are transcribed by RNA polymerase III. 
Similarly, the presence of AA V sequences amongst the cDNA clones indicates that the 
library was enriched for ElA-induced sequences, as dl 312 infection does not support 
AA V replication and transcription in REFs. 
The isolation of a B2 repetitive sequence from the differentially screened clones, 
implies that the conditions of the subtractive hybridisation during library construction, 
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were not optimal for the isolation of rare transcripts from single copy genes. The 
hybridisation conditions of cDNA (WT infected cells) : mRNA (dl312 infected cells) : 
viral DNA during library construction, were established to titrate out all common 
cellular and viral sequences. The cDNA was hybridised to excess mRNA at a Cot of 
2,000 mol s I-1 (product of initial RNA concentration (molarity of nucleotides) and 
annealing time) to anneal repetitive cellular and viral sequences and leave unique 
sequences single stranded. It is possible that the repetitive sequence eluded the 
stringent hybridisation conditions, or binding to the hydroxylapatite column and was 
chosen, after differential screening, as an induced clone. 
There is evidence, however, that the differential screening of the library was not 
entirely efficient. When a proportion of differentially screened clones were initially 
characterised by Northern analysis and sequencing, six of eighteen clones initially 
investigated hybridised to multiple species of poly A+ RNA from WT infected cells and 
not to poly A+ RNA from dl 312 and were identified as AA V sequences. The other 12 
clones did not differentially hybridise to poly A+ RNA from the WT infected cells. A 
member of the "non-induced" clones was sequenced and was significantly similar to a 
portion of the CBP6 gene, which is a yeast nuclear gene necessary for the synthesis of 
mitochondrial cytochrome b (Dieckmann and Tzagoloff 1985). The clone was shown 
to be cellular. A mammalian equivalent of the yeast nuclear protein has not been 
identified. The sequence of the clone was similar to a small distinct region of the yeast 
gene, therefore the homology may reflect a conserved structural or regulatory domain, 
rather than a possible contamination of yeast in the cells used to make the library. The 
predicted secondary structure of the translated region of conservation was an a-helix. 
From current literature, it is not known whether this region is an important regulatory 
or structural domain. It is unlikely that this clone represents a gene that is induced 
during adenovirus infection, as there was no increase of mRNA expression during 
infection. Other investigators have identified anomalous yeast or mitochondrial 
I, 
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sequences while characterising differentially screened clones from a cDNA library 
(S.M. Phillips, personal communication, Parfett et al. 1989). It has been demonstrated 
that transcripts from the mitochondrial genome are found in preparations of total 
cytoplasmic RNA and form 0.2-0.5% of the poly A+ rnRNA (Edwards and Denhardt 
1985). 
The expression of a number of cellular genes are known to increase dramatically during 
adenovirus infection. The expression of 70kDa heat shock protein hsp gene (hsp70) 
increased by 100-fold, but only 2-fold in the absence of ElA function (Kao and Nevins 
1983). The representative cDNA for hsp70 was not among the differentially screened 
clones isolated from the enriched library. The most likely reason for the under-
representation of hsp70 sequences is that the induction of hsp70 in HeLa cells during 
infection peaked at 7 hrs and decreased by 91 % by 13 hrs. Although there is no 
current evidence on kinetics of induction in primary REFs during infection, at the time 
of construction of the library ( 40hrs pi), the induction of hsp70 may not be significant 
AA V transcription had reached maximum activity 40 hrs after co-infection with WT, 
reflected in the high proportion of AA V sequences in the subtracted cDNA library. 
Correspondingly, induced-cellular sequences would be in lower proportion and more 
difficult to detect unless all AA V sequences were removed. When AA V sequences 
were removed, and the clones rescreened with cDNA probes, a repetitive sequence was 
isolated. Rare transcripts were not isolated after rescreening because cDNA probes 
were not enriched for rare transcripts. Several investigators have found that specific 
cDNA clones were not detected in plasmid libraries if 0.05% to 0.2% of their probes 
did not contain the gene of interest (Dworkin and David 1980, Crampton et al. 1980). 
Rare transcripts (0.001-0.005% abundance) would be undetectable with unfractionated 
cDNA probes, thus the clones should be rescreened with enriched cDNA probes (Davis 
et al. 1984a). 
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While the present study did not identify and characterise cellular genes induced by E lA 
products that play crucial roles in the establishment of the immortalized phenotype, a 
number of ElA-induced sequences were identified, including AA V sequences 
indicating AA V contamination within adenovirus stocks, and B2-related sequences. 
B2 sequences have been previously isolated by differential screening of a library made 
from heat shocked chinese hamster cells (Fornace and Mitchell 1986). The effect of 
adenovirus infection _on the expression of another heat shock responsive gene, 
ubiquitin, was further investigated. 
Ubiquitin is a component in the ATP-dependent nonlysosomal protein degradation 
pathway, responsible for the degradation of damaged, denatured or short-lived 
proteins. The transcription rate of ubiquitin was unaffected by adenovirus infection. 
There was a differential appearance of the two major ubiquitin transcripts in the 
cytoplasm during infection, which could be due to the selective stabilisation or 
transport of one of the transcripts and may result in an increase in the activity of the 
ubiquitin degradation pathway, leading to increased degradation of foreign viral 
structural proteins and thus, an aborted lytic cycle. The activity of ubiquitin within the 
protein degradation pathway has yet to be monitored in infected cells to substantiate the 
hypothesis. The differential expression of one of the ubiquitin gene products has been 
previously described during HSY infection (Latchman et al. 1987). 
Future Directions 
Subtractive cDNA libraries have been used in many instances to isolate rare cellular 
transcripts that are present in one cellular population, but absent in a closely related 
cellular population that lacks the specific phenotype under investigation. The technique 
is valuable because it allows the isolation of genes that may influence the specific 
phenotype, without prejudice towards previously described genes. To minimise 
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irrelevant transcripts and to exploit the technique to its full potential, the original 
populations of cells must be closely related, and differ only in the phenotype in 
question. 
In the present study, the cell populations were identical, differing only in the virus used 
to infect the cells. The presence of AA V introduced a further complication, therefore 
another subtracted library should be constructed with AA V free viruses and cells. To 
accurately represent cellular sequences induced directly by ElA gene products, the 
library should be constructed from RNA isolated at an earlier time during infection than 
40hrs (which is after the start of viral DNA replication and expression of all viral 
genes). As ElA mRNA has been detected at 12-15hrs pi, perhaps the library should be 
constructed from cells infected for no more than 20hrs. Transcriptional repression is 
believed to play an important role in transformation (Lillie et al. 1986, Moran et al. 
1986b). To isolate cellular sequences repressed by ElA products during infection, 
cDNA made from dl 312 infected cells should be hybridised with poly A+ RNA from 
WT infected cells before passage through hydroxylapatite, ligation and transformation. 
Once cDNA clones have been isolated by screening with subtracted probes, the clones 
would be characterised by cross-hybridisation studies, Northern analysis to determine 
the extent of induction, and sequencing. Analysis of induction of expression in other 
adenovirus transformed cell lines would indicated whether expression of the clones 
were necessary for maintenance of transformation. Analysis of expression in cells 
transformed by carcinogen treatment or other oncogenes could indicate whether the 
induction of clones is a general feature of transformation. A full length cDNA clone 
could be isolated from cDNA library constructed from poly A+ RNA from infected 
REFS, and the protein identified from in vitro translation. Monoclonal antibodies 
could be raised against the protein, to study interactions with other proteins, by 
Western analysis and protein location, by immunofluorescence. To assign functions to 
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the ElA-influenced proteins, the proteins could be microinjected into the cell, or the full 
length cDNA could be placed in front of a strong promoter and transfected into REFs. 
Disruption to the cell-cycle progression would indicate a role for the cDNA. 
Alternatively, antisense oligonucleotides or RNA could be introduced during infected 
or into transformed cells, to functionally inactivate the specific RNA, and possibly 
affect the transformation efficiency of adenovirus. Antisense RNA and 
oligonucleotides have been used successfully to abrogate the function of specific 
mRNA in vivo (Green et al. 1986, Heikella et al. 1987, Jaskulski et al. 1988). These 
approaches to characterise the effect of a single gene product, are not sensitive to the 
full scope of complex cellular responses to ElA products, to create an intracellular 
environment ultimately resulting in immortality. 
Clearly, future molecular and genetic analysis of the influence of ElA gene products 
on unknown genes isolated from cDNA libraries as discussed above, and previously 
described genes, isolated through their involvement in the regulation of cell cycle 
progression, will gradually lead to a better understanding of the processes involved in 
transformation. 
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The synthesis of a subtractive cDNA library 
The subtractive cDNA library was constructed using a modified procedure based on the 
method described by Hendrick et al (1984). Initially it was necessary to synthesise single 
stranded cDNA from poly A+ RNA isolated from rat embryo cells prepared 40 hours after 
infection with WT Ad 5 at a MOI of 25. lOµg poly A+ cytoplasmic RNA was added to a 
reaction mix containing 10µ1 reverse transcription buffer (RTB= SOOmM Tris pH8.3, 
60mM MgC12, 600mM NaCl), 10µ1 lmg/ml oligo dT primer and 5µ1 lmg/ml 
Actinomycin D. To this was added 2µ1 each of lOOm.M dATP, dCTP, dITP and dGTP, 
1µ1 lM DTT, 10µ1 (lOOµCi) lOmCi/ml 32p dCTP and lOunits Reverse transcriptase to a 
total volume of 100µ1. The reaction mix was incubated at 42°C for 60min, 2µ1 0.5M 
EDTA pH7 .5 and 20µ1 0.5M Na OH were added and further incubated at 70°C for 20min. 
The solution was neutralised with 10µ1 lM Tris HCI pH7.0. 
In order to separate the cDNA from unincorporated nucleotides it was necessary to pass 
the reaction mixture through a 2ml Sephadex G-50 column, pre-equilibrated with NETS 
buffer (0.lM NaCl, 0.05M Tris-HCl pH7.5,0.001M EDTA and 0.02% SDS). All the 
fractions collected were subjected to Cerenkov counting and the fractions corresponding 
to the initial peak of radioactivity were pooled. After the addition of SOµg of bakers yeast 
tRNA and 1ml of absolute ethanol the sample was stored at -20°C overnight. 
The single-stranded cDNA was annealed to a 10 fold excess of poly A +RNA from _dl312 
infected cells and a 5 fold excess of sheared denatured viral DNA at 60°C in 0.5M 
potassium phosphate pH 6.8 (C0 t=2,000 mol s I- 1 ). This involved the ethanol 
precipitation of the poly A+ RNA and the cDNA before resuspension in 0.1 %SDS, SmM 
EDTA, 0.5M potassium phosphate pH6.8 in a total volume of 5µ1. The annealing 
mixture was sealed into a siliconized glass capillary tube and incubated at 65°C for 12hrs. 
The single stranded (ss) cDNA molecules were isolated by hydroxylapatite fractionation. 
Hydroxylapatite was rehydrated in HAP buffer (0.15M sodium phosphate, 0.1 % SDS), 
before application to a 60°C water-jacketed column. The column was equilibrated with 
1 Omls of HAP buff er. The annealing mixture was added to 1 ml of HAP buff er at 60°C 
and applied to the column under slight pressure using a small pump. The eluate, 
containing the ss cDNA molecules, was collected in 1ml aliquots, using a geiger counter 
to monitor the progression of radioactivity. HAP buffer was applied to the column until 
the counts of the eluate aliquots were negligible. Pre-warmed buffer was then added to 
the clamped column to resuspend the hydroxlapatite, which was then boiled for Smin to 
dissociate the double stranded material from the column. The hydroxylapatite was 
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reapplied to the column, and the double stranded solution eluted through the column, as 
described above. 
The ss cDNA sample was concentrated by extraction with an equal volume of 2° butanol 
until the aqueous layer was reduced to approximately 250µ1. Endogenous butanol was 
removed by extraction with chloroform, followed by an ether extraction. 
In preparation for second strand synthesis, the ss cDNA sample was desalted by passing 
through Sephadex G-50 as described above. 50µg baker's yeast tRNA was added to the 
pooled eluate representing the ss cDNA and was ethanol precipitated at -20°C overnight. 
Second strand cDNA was synthesized by the resuspension of the ss cDNA pellet in 50µ1 
H20 and incubating at 14°C for 4hrs in the presence of lmM dNTPs, 5µ1 a.-32p dCTP, 
25 units DNA pol 1 Klenow Fragment, 50mM Hepes pH 6.9 ( with KOH), 35mN1 KCI, 
5mM MgCli, in a total volume of 114µ1. In order to remove hairpin loops generated by 
second strand synthesis 400µ1 of S 1 buffer (lmM ZnS04,30mM sodium acetate, 250mM 
NaCl) and 400 units Mung bean nuclease was added to the double stranded (ds) cDNA 
mixture. This was incubated at 37°C for 30mins. The reaction was terminated by the 
addition of 10µ1 0.5M EDTA pH7.5, before extraction with phenol:chloroform 
(1:1),followed by an ether extraction. The cDNA was ethanol precipitated by addition of 
100µ1 lOM ammonium acetate and two volumes of ethanol before storage overnight at -
20°c. 
The plasmid vector pUC9 was commercially prepared by cleavage by Pstl followed by 
the enzymatic addition of approximately 12 dG residues to both 3' hydroxy termini. It 
was necessary to add cytosine nucleotides to the 3'ends of the ds cDNA, in order to ligate 
to the vector. The tailing reaction comprised of the reprecipitated cDNA, resuspended in 
70µ1 water, 1µ1 lmM dCTP, 20µ15x tailing buffer (=0.5M potassium cacodylate pH7.2, 
lOmM CoCI2, lmM DTI), 1µ1 lOunits Terminal deoxynucleotidyl transferase and 5µ1 
50µCi a.-32p dCTP. After incubation at 37°C for 40 mins, the reaction mix was 
phenol/chloroform extracted three times, fallowed by two ether extractions. This was 
followed by ethanol precipitation at -20°C for 90mins. The cDNA was centrifuged, dried 
under vacuum and resuspended in 100µ1 TE. 
A trial ligation and transformation was attempted, using 5ng tailed ds cDNA and a 
equimolar amount of pUC9. This was calculated to be 22.5ng, after taking into 
consideration the size of pUC9 (2.7kb), the average size of cDNA ( 0.6kb) and the 
amount of cDNA used (2.7 /o.6 x 5ng =22.5ng). 5ng of cDNA was added to 22.5ng of 
pUC9 in a final volume of 27.5µ1 lX NTE (O.lM NaCl, lOmNl Tris.RC! pH7.8, lmM 
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EDTA). This was incubated at 70°C for 3min., before placing into a beaker of 65°C water 
and allowing to cool to 42°C. The tube was then transfered to a 42°C water bath and 
incubated for 2 hours. To complete the annealing reaction the mixture was incubated at 
14°C for 16hrs and placed at 0°C. 
To facilitate the transformation of the recombinant plasmids into bacteria, the annealing 
reaction was combined with 200µ1 competent MC1061 E.coli and incubated at 0°C for 10 
min. This was transferred to 37°C for 45 secs before returning to ice. 700µ1 of LB was 
added and the mix was spread onto a L-agar plate containing 1 Oµg/ml Ampicillin. The 
plate was inverted and incubated at 37°C overnight. The plate yielded approx. 1000 
colonies and the trial was deemed sucessful. A ligation was then attempted as described 
above using the remaining ds material and adjusting the volumes of the other reactants 
appropriately. 50% of the annealing mix was used to transform MC106 1 E.coli, as 
mentioned previously. The transformation mixture was added to lOmls LB, and spread to 
Amp-L-agar plates at the rate of 1ml per plate. The plates were inverted and incubated at 
37°C overnight. Bacteria without transformation mixture and bacteria transformed by 
unannealed pUC were also plated as controls. 
The number of colonies were counted from two plates selected at random. This count 
enabled the estimation of the number of cDNA clones in the subtracted library. The 
cDNA library was pooled to facilitate storage and future handling. This was 
accomplished by adding 10 mls L-broth to each plate and scraping the colonies into the 
media using a glass spreader. The L-broth was transferred to a sterile 50ml plastic tube 
and 1ml of sterile glycerol was added before storage at -20°C. 
As the subtractive hybridisation technique is not completely efficient it was necessary to 
screen the library to eliminate plasmids containing common or no cDNA sequences. The 
pools of bacteria were plated on Amp-L-Agar plates, at a concentration calculated to result 
in 1000 discrete colonies per plate. The plates were incubated at 37°C until the colonies 
were distinguishable, and placed at 4 °C for 2hrs. Circular nitrocellulose membrane filters 
were placed on top of the agar plates until the membranes were moist. This was repeated 
in order to obtain duplicate filters. The orientation of the colonies was marked on the 
filters before the filters were lifted from the plates and placed ( colony side upward) onto 
3MM filter paper presoaked in 0.5M NaOH. After 5 min the filters were transferred to 
filter paper presoaked in IM Tris-HCl (pH 7.4) for 5 mins. To facilitate binding of 
nucleic acids the membrane filters were placed on filter papers presoaked in l M Tris-HCl 
I 
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pH7.4, 1.5M NaCl. In order to immobilise the DNA, the filters were dried for 1hr at 
room temperature and baked in vacuo for 2hrs at 80°C. 
The nitrocellulose filters were prehybridised, in groups of 5 filters, for 2-3hrs at 68°C in 
25mls 5XSSC, 5XDenhardts, 0.1 %SDS, lOOµg/ml Salmon sperm DNA. Hybridisation 
mixture was the same as the prehybridisation solution, with the addition of radioactive 
cDNA probes to a smaller volume (20mls) of solution. Hybridisation proceeded at 68°C 
for 18-20hrs. Removing unspecific hybridisation involved washing the filters in 2xSSC, 
0.1 % SDS for 30min at room temp., pre-warmed (to 68°C) 2xSSC, 0.1 %SDS for 15min 
at room temp. twice, and pre-warmed (to 55°C) lXSSC, 0.1 % SDS for 15min at room 
temp. Filters were exposed to X-ray film at -70°C for 1-4 days. 
The autoradiographs were realigned to the original plates and colonies which were 
differentially expressed, as judged from a comparison between autoradiographs of filters 
probed with either cDNA from dl312-infected or wt-infected cells, were picked, regrown 
and re screened as described above. 
